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(S) Apparatus and method for feedback adjusting machine working condition for improving dimensional 
accuracy of processed workpieces. 

(57) An apparatus for feedback adjusting the 
working condition of a working machine (1, 10) 
on the basis of measured dimensions of proces- 
sed workpieces (26), including a determining 
device (4, 20) for determining automatic and 
manual compensating values, and an applying 
device (5, 20) for applying the automatic and 
manual compensating values (Ui, U') to a 
machine controller (2, 14, 15) for adjusting the 
machine working condition. The determining 
device determines the automatic compensating 
value on the basis of first or second estimated 
dimensional values of the workpieces obtained 
in an automatic compensating cycle. Each first 
estimated dimensional value is a sum of an 
actually measured dimension (X) of the work- 
piece and a last compensating value (LT), while 
each second estimated dimensional value is a 
sum of the actually measured dimension, the 
last compensating value and a previous com- 
pensating value (Ui-2, Ui-1) preceding the last 
compensating value. A method of feedback ad- 
justing the machine working condition is also 
disclosed. 
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BACKGROUND OF THE INVENTION ) 

Field of the Inv ntion 

The present invention relates to a feedback compensating apparatus adapted to adjust the working con- 
dition of a working machine for a workpiece to be processed next, by feeding back d.mens.onal error data as- 
sociated with already processed workpieces. 

Discussion of the Related Art 

Afeedback compensating apparatus as described above is used for a working system including (a) a work- 
inq machine for performing successive working operations on a plurality of workpieces, (b) machine control 
means for determining a working condition of the working machine on the basis of an extraneous compensating 
signal and controlling the working machine according to the determined working condition, and (c) a ™asunng 
device for measuring actual dimensions of the workpieces processed by the working machine. The feedback 
compensating apparatus is constructed so as to include (i) determining means for determining a compensating 
value as said extraneous compensating signal for the workpiece to be processed next, on the basis of the ac- 
tual dimensions of the already processed workpieces which have been measured by the measuring device, 
and (ii) applying means for applying the determined compensating value to the machine control means. 

in some working systems, the measuring device is adapted to measure the workpieces immediately after 
the workpieces are processed by the working machine. In this case, the workpiece processed under the work- 
ing condition influenced by the currently effective or last compensating value is measured shortly after the 
working operation on that workpiece is completed. Therefore, an influence of the last compensating value ap- 
pears on the last measured workpiece, and the measured dimensions of the recently processed workpieces 
can be used to check the last compensating value for adequacy, immediately after the last compensating value 
is used Where the above-indicated feedback compensating apparatus is used for this type of working systems, 
it is comparatively easy to improve the accuracy of determination of the compensating values for adjusting the 
working condition of the working machine. 

In another type of working systems, however, there exist pre-measured workpieces between the working 
machine and the measuring device. The pre-measured workpieces are the workpieces which have been proc- 
essed by the working machine but have not been measured yet by the measuring device. These pre-measured 
workpieces cause a so-called "dead time", which is a time required for the first workpiece influenced by the 
currently effective or last compensating value to be measured by the measuring device. In other words, an 
influence of the last compensating value appears on the actually measured dimension after the dead time has 
passed after the workpiece is processed under the influence of that compensating value. For this reason, it is 
comparatively difficult to determine the compensating values with high accuracy, where the feedback com- 
pensating apparatus is used for the working systems of this second type in which the dead time exists. 

In view of the second type of working systems, the assignees of the present application have made a re- 
search to develop an improved feedback compensating apparatus capable of dealing with the "dead time" or 
the existence of "pre-measured workpieces", and proposed the apparatus including (a) improved determining 
means for determining the present compensating value and (b) applying means for applying each determined 
compensating value to the machine control means for adjusting the working condition of the workpieces to be 
processed next. This improved determining means is adapted to store in suitable memory means dimensional 
values of the processed workpieces measured by the measuring device, and update the compensating value, 
namely, determine each present compensating value for adjusting the working condition of the workpieces to 
be processed next. This determination of each compensating value is made on the basis of a predetermined 
number of the last stored dimensional values of the workpieces which have been processed under the same 
working condition determined or influenced by the currently effective or last compensating value. After the 
present compensating value is determined at the end of each automatic compensating interval or cycle, an 
estimated dimensional value is obtained when each processed workpiece is measured in the next automatic 
compensating cycle, until the measuring device completes the measurement of the workpiece which imme- 
diately precedes the first workpiece processed under the working condition influenced by the last compensat- 
ing value which precedes the compensating value to be determined next. Each estimated dimensional value 
is obtained on the basis of the measured dimensional value of the corresponding workpiece and the last com- 
pensating value, assuming that the workpiece whose dimension is measured was processed under the working 
condition influenced by the last compensating value, while the working condition for that workpiece was not 
in fact influenced by the last compensating value. The thus obtained estimated dimensional values are stored 
in the memory means, and the compensating value is updated on the basis of the stored estimated dimensional 
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values when the number of these stored estimated values reaches a predet rmined value. 

The determining means indicated above is based on an assumption that the first workpiece influenced by 
the last determined and currently effective compensating value is measured by the measuring device at a given 
point of time during each automatic compensating interval or cycle which begins with the commencement of 
5 storing of the measured values and ends with the determination of the present automatic compensating value 
used for the workpieces to processed next. Referring to the schematic view of Fig. 38 in which each rectangular 
block indicates an automatic compensating interval or cycle, an influence of the last compensating value Ui- 
1 determined at the end of a given compensating cycle appears on the dimensional values actually measured 
by the measuring device at a given point of time during the next compensating cycle in which the present corn- 
to pensating value Ui is determined. In Fig. 38, the influences of the compensating values U are indicated by step- 
ped drops of the actually measured value indicated by solid line. During a period from the beginning of each 
automatic compensating cycle to the moment at which the influence of the last compensating value Ui-1 first 
appears on the measured value, estimated dimensional values are obtained each by adding the last compen- 
sating value Ui-1 (currently effective value) to each actually measured value (which was not in fact influenced 
15 by the last compensating value), and the thus obtained estimated values are stored in the memory means. In 
the following period between the moment at which the influence of the last compensating value Ui-1 first ap- 
pears on the measured value and the moment at which the present compensating value Ui is determined, the 
actually measured values are stored in the memory means. The present compensating value Ui is determined 
on the basis of a predetermined number of the stored values (which include the estimated values). 
20 The improved feedback compensating apparatus described above does not require a manual operation 

of the operator of the working system when each compensating value is determined by the determining means. 
In some cases, however, manual compensation or adjustment of the machine working condition by the operator 
is desired to assure high quality of the processed workpieces. For instance, this manual adjustment is desired 
when the working tool (such as a grinding wheel used on a grinding machine) is replaced or changed. 
25 Even when the working tool is changed, the automatic compensation or adjustment of the working condi- 

tion of the working machine as described above permits the actual dimensions of the processed workpieces 
to gradually approach and finally coincide with the desired or nominal value. In a working system having the 
dead time or pre-measured workpieces. however, the workpieces which have been processed shortly after 
the new working tool is used may be unacceptable as the final product, with their dimensions being outside 
30 the tolerable range, since the compensating value to adjust the working condition of the machine cannot be 
updated until the workpiece first processed by the new working too! is measured by the measuring device. In 
the light of this drawback, it is desirable to provide a quality checking station between the working machine 
and the measuring device, preferably at a position as near as possible to the working machine, so that the 
operator of the machine may inspect the processed workpieces for the processing accuracy (quality of the prod- 
35 uct), as needed, or when there arises anything that causes a comparatively large change in the measured di- 
mensions of the processed workpieces, for example, when the working tool is changed. The operator manip- 
ulates suitable data input means to enter an appropriate manual compensating value, which is determined on 
the basis of a result of the inspection of the processed workpieces at the checking station. One form of the 
working system provided with such checking station is schematically illustrated in Fig. 39, in which the checking 
40 station is indicated at CK. 

. The assignees of the present application has further improved the above-indicated improved feedback 
compensating apparatus, so that the improved determining means is capable of effecting not only the auto- 
matic compensation as described above, but also manual compensation according to a manual compensation, 
command entered by the machine operator. The thus improved apparatus is adapted, as indicated in the sche- 
45 matic view of Fig. 40. such that an automatic compensating cycle is interrupted or terminated if a manual com- 
pensation command is entered by the operator during that automatic compensating cycle, and a manual com- 
pensating value U' determined based on this command is applied to the machine control means. Then, a new 
automatic compensating cycle is performed. In the new automatic compensating cycle, the measured dimen- 
sional values which have been stored in the memory means during the interrupted cycle are ignored or dis- 
so carded and the currently effective manual compensating value U* is added to each newly measured dimen- 
sional value to obtain estimated dimensional values. These estimated values are the dimensions of the work- 
pieces which are expected to be established if the workpieces were processed under the working condition 
adjusted or influenced by the manual compensating value U\ The estimated values are stored in the memory 
means, and the present automatic compensating value Ui is determined on the basis of a predetermined num- 
55 ber of the stored estimated dimensional values. 

In the second improved feedback compensating apparatus whose operation is illustrated in Fig. 40, tne 
influence of the previous automatic compensating value Ui-2 which is determined at the end of the automatic 
compensating cycle immediately preceding the interrupted cycle is not taken into account to obtain the esti- 

3 
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mated dimensional values. That is, the estimated dimensional values are determined solely on the basis of 
the manual compensating value U\ which is the last compensating value. However, the 
the manual compensating value U' but also the previous automatic compensating value U. -2 should be taken 
into account, for the initial period from the beginning of the new automatic compensat.ng cycle to the moment 

5 at which the influence of the previous automatic compensating value Ui-2 first appears on the actually meas- 
ured dimension, as indicated in the schematic view of Fig. 41 wherein the new automatic compensatmg cycle 
is indicated by a complete rectangular block. That is, both of the compensating values Ui-2 and U should have 
influenced the measured dimensions of the processed workpieces if the workpieces were processed under 
the working condition influenced by these two compensating values. Therefore, some of the est.mated d.men- 

10 sional values determined by the manual compensating value U* only may be considerably different from the 
value which accurately reflect the actual current working condition which is influenced by both of the manual 
compensating value U' and the previous automatic compensating value Ui-2. Thus, the use of the manual com- 
pensating value U' only to obtain the estimated values does not assure accurate estimation of the actual work- 
ing condition and suitable determination of the present automatic compensating value Ui for the workpieces 

15 to be processed next. 

It will be understood that the second improved feedback compensating apparatus suffers from a problem 
that some of the estimated dimensional values obtained in an automatic compensating cycle following the gen- 
eration of a manual compensation command considerably deviate from the dimension of the workpieces that 
should be obtained when the workpieces are processed under the actual working condition, whereby the ac- 

20 curacy of determination of the automatic compensating value tends to be deteriorated. 

The above problem is encountered not only when the manual compensating value is entered during the 
automatic compensation, but also when only the manual compensation alone is effected continuously. Further, 
the problem is encountered also when only the automatic compensation alone is effected continuously. This 
may be caused because the influence of the last automatic compensating value does not necessarily appear 

25 on the measured workpiece dimensions in the present automatic compensating cycle during the continuous 
automatic compensation, contrary to the assumption described above. For example, the influences of two suc- 
cessive previous automatic compensating values Ui-2 and Ui-1 (one of which is the last compensating value) 
may appear in the present automatic compensating cycle. 

30 SUMMARY OF THE INVENTION 

It is therefore a first object of the present invention to provide a feedback compensating apparatus which 
permits improved accuracy of determination of the automatic compensating value and which is adapted to ob- 
tain estimated dimensional values of the processed workpieces for updating the automatic compensating val- 
35 ue, while taking into account a possibility that two successive previous compensating values (automatic or 
manual) may influence the actual working condition of the working machine. 

It is an optional second object of this invention to provide such feedback compensating apparatus that is 
adapted to effectively utilize the dimensions of the processed workpieces measured prior to the generation of 
a manual compensating command, to determine the present automatic compensating value, so as to permit 
40 early determination of the automatic compensating value after the generation of the manual compensation 
command, for thereby improving the processing accuracy of the workpieces. 

It is a third object of this invention to provide a method of processing the workpieces with improved accu- 
racy, while taking into account the manual compensating value as well as the actually measured dimensions 
of the processed workpieces. 
45 The first object may be achieved according to a first aspect of the present invention, which provides a 

feedback compensating apparatus for a working system including, as indicated in the block diagram of Fig. 
36, (a) a working machine 1 for performing successive working operations on'a plurality of workpieces, (b) 
machine control means 2 for determining a working condition of the working machine on the basis of an ex- 
traneous compensating signal and controlling the working machine according to the determined working con- 
50 dition, and (c) a measuring device 3 for measuring dimensional values of the workpieces processed by the 
working machine, the measuring device 3 being positioned relative to the working machine 1 such that there 
exist pre-measured workpieces which have been processed by the working machine 1 and which have not been 
measured by the measuring device 3, the feedback compensating apparatus including, as also indicated in 
Fig. 36, compensating value determining means 4 for determining an automatic compensating value as the 
55 extraneous compensating signal for the workpieces to be processed next, on the basis of a plurality of the di- 
mensional values which have been measured by the measuring device and stored in memory means, and com- 
pensating value applying means 5 for applying the determined automatic compensating value to the machine 
control means 2, wherein th compensating value determining means 4 is operable in an automatic compen- 
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sation mod in which each automatic compensating cycle begins with commencement of th storing in the 
memory means of the dimensional values of the workpieces measured by the measuring device 3 and ends 
with determination of a present automatic compensating value, and in a manual compensation mode in which 
a manual compensating value is determined also as the extraneous compensating signal in response to and 

5 on the basis of a manual compensation command entered by an operator of the working system. Th com- 
pensating value determining means 4 includes a first and a second operating state which are selectable in the 
automatic compensation mode. The compensating value determining means 4 operates in the first operating 
state to determine the present automatic compensating value on the basis of a plurality of first estimated di- 
mensional values of the workpieces which are stored in the memory means in the automatic compensating 

10 cycle. Each first estimated dimensional value is obtained by adding a last compensating value (LT) to the di- 
mensional value of the corresponding workpiece which is measured by the measuring device 3, on an assump- 
tion that the corresponding workpiece is processed under the working condition influenced by the last com- 
pensating value. The compensating value determining means 4 operates in the second operating state to de- 
termine the present automatic compensating value on the basis of a plurality of second estimated dimensional 

15 values of the workpieces which are stored in the memory means in the automatic compensating cycle. Each 
second estimated dimensional value is obtained by adding a sum of the last compensating value and a previous 
compensating value immediately preceding the last compensating value, to the dimensional value of the cor- 
responding workpiece which is measured by the measuring device. The compensating value applying m ans 
5 applies the present automatic compensating value and the manual compensating value to the machine con- 

20 trol means 2. 

It is noted that the last compensating value and/or the previous compensating value which is/are added 
to the measured dimensional values to obtain the first or second estimated dimensional values may be either 
the automatic compensating value determined in the automatic compensation mode or the manual compen- 
sating value determined in the manual compensation mode. 
25 It is also noted that the first and second operating states may be selected in respective different portions 

of the same automatic compensating cycle, or in respective different automatic compensating cycles. In the 
latter case, the compensating value determining means 4 is held in the first operating state throughout a given 
automatic compensating cycle, and in the second operating state throughout another automatic compensating 
cycle. 

30 In the feedback compensating apparatus of the present invention constructed as described above, the 

compensating value determining means uses two different rules to obtain the first and second estimated di- 
mensional values, that is, two different rules to determine the present automatic compensating value, in the 
automatic compensation mode. These different rules are used in the respective first and second operating 
states, which are selected depending upon whether the dimensional values of the processed workpieces which 
35 are actually measured in the relevant automatic compensating cycle should have been influenced by only one 
compensating value (i.e., last compensating value), or by two compensating values (i.e., last compensating 
value and the previous compensating value which immediately precedes the last compensating value). Name- 
ly, the compensating value determining means is constructed with a recognition that the current working con- 
dition of the machine may be influenced by two compensating values which precede the present automatic 
40 compensating value to be determined. Described in detail, the compensating value determining means 4 op- 
erates in the first operating state to obtain each first estimated dimensional value by adding the last compen- 
sating value to the dimensional value of the corresponding workpiece measured by the measuring device 3, 
on an assumption that the obtained first estimated dimensional value should have been measured by the meas- 
uring device 3 if the corresponding workpiece was processed under the working condition influenced by the 
45 last compensating value. In the second operating state, the compensating value determining means obtains 
each second estimated dimensional value by adding the sum of the last compensating value and the imme- 
diately preceding compensating value to the measured dimensional value of the corresponding workpiece. 

In the present feedback compensating apparatus, the estimated dimensional values used to determine 
the present automatic compensating value are determined with both the previous compensating value and the 
so last compensating value taken into account in the second operating state of the compensating value deter- 
mining means. The second operating state is selected where these two compensating values influence the 
current working condition of the working machine. Therefore, even if the actually measured dimensional values 
do not reflect the influence of the previous compensating value, the present compensating value can be suit- 
ably determined with high accuracy on the basis of the estimated dimensional values which accurately reflect 
55 the actual working condition of the machine. Thus, the present apparatus assures improved accuracy of de- 
termination of the automatic compensating value. 

In one form of the present invention, the apparatus is adapted such that when the manual compensation 
command is generated in a present automatic compensating cycle, the compensating value determining means 
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(41 terminates the present automatic compensating cycle, determines the manual compensating value and 
Snorts a new automatic compensating cycie in which the present automatic compensate value ,s deter- 

T^e above form of the apparatus may deal with two different cases which will be described by reference 
to the schematic v^ws of Figs 37(a) and 37(b). respectively. In the first case indicated ,n Fig. 37(a). an ,«f lu- 
^^^^^con^U^ value (Ui-2) determined in a previous automate coming c - 
de which Mediately precedes the present automatic compensating cycle appears on the measured imen- 
siona. values of the processed workpieces in the new automatic compensating cycle, before > ™ « 
the manual compensating value (IT) appears on the measured dimensional values. In F.gs. 37(a) and 37(b). 
he nTw autoZc compensating cycle is indicated by a complete rectangular block, .n the second case -nd,- 
cated^nFTg 37(b), the influence of the previous automatic compensating value (U.-2) appears on the measured 
SimVnsiona I values of the workpieces in the present automatic compensating cycle which . terminated upon 
ge^eratTon of the manual compensation command, while the influence of the manual compensating value (U ) 
aDDears on the measured dimensional values in the new automatic compensating cycle. 

Z the f i sf case of Fig. 37(a) wherein the influence of the previous automatic compensatmg va ue U -2) 
appears o he r asur ed work iece dimensions after the manual compensating value (IT) is applied to the 
machine contro, means (2), the new automatic compensating cycle consists of a first penod from the bag.nn.ng 
of tSe new compensating cycle to a first moment at which the influence of the previous automata cornpensat.ng 
va e appears on the measured dimensional values, a second period from the first moment tc .a > second 
moment at which the influence of the manual compensating value (IT) appears on the measure ^' m ^ n . a ' 
vaTes and a third period from the second moment to an end of the new automatic compensating cycle. In 
"is Lse the compensating value determining means (4) operates to obtain the second -"r^™™^ 
values by adding a sum of the previous automatic compensating value (Ui-2) as the prevous compensating 
va ue and the manual compensating value (IT) as the l*st compensating value to each of the dimensional val- 
ues (X) of the workpieces measured in the first period, and obtain the first est.mated d,mens.onal values by 
adding only the manual compensating value (IT) to each of the dimensional values of the work P ,ec ^ p m n e . a ^ 
in the second period. The compensating value determining means stores m the memory means the obta.ned 
first and second estimated dimensional values, and the dimensional values of the workp.eces wh.ch are meas- 
ured by the measuring device (3) in the third period. 

In the second case of Fig. 37(b). the influence of the previous automatic compensating value (Ui-2) ap- 
pears on the measured workpiece dimensions before the manual compensating value (U 1 ) is generated at the 
end of the present cycle. In this second case, the new automatic compensating cycle consists of a firs period 
from the beginning of the cycle to the moment at which the influence of the manual cornpensat.ng value U ) 
appears on the measured workpiece dimensions, and a second period which follows the first penod In th.s 
case the compensating value determining means (4) operates to obtain the first estimated dimens.onal values 
by adding only the manual compensating value (IT) as the last compensating value to each of the dimensional 
values of the workpieces which are measured in the first period. The compensating value determ.n.ng means 
stores in the memory means the obtained first estimated dimensional values and the dimens.onal values of 
the workpieces which are measured by the measuring device (3) in the second period. 

However the above form of the feedback compensating apparatus has the following drawback. That is, 
the compensating value determining means requires a relatively long time before the automatic compensating 
value (Ui) is determined in the new automatic compensating cycle, because the measured values of the proc- 
essed workpieces which have been stored before the generation of the manual compensation command are 
ignored and discarded. Further, since the automatic compensation by the automatic compensating value (Ui) 
following the last manual compensating value (IT) has a function of adjusting the machine working condition 
as determined by the last manual compensating value, a delay in determining the automatic compensating val- 
ue (Ui) results in a delay in adjusting the machine working condition as influenced by the manual compensating 

value. . . 

The above drawback may be solved according to another form of the present invention, which achieves 
the second optional object of the invention indicated above. In this form of the invention, the present automatic 
compensating cycle is not terminated, and the dimensional values of the workpieces measured prior to the 
generation of the manual compensation command as well as those measured after the generation are utilized 
to determine the present automatic compensating value (Ui). 

The above second form of the apparatus may deal with two different cases which will be described by 
reference to the schematic views of Figs. 29(a) and 29(b), respectively. In the first case indicated in Fig. 29(a). 
an influenc of the previous automatic compensating value (Ui-1) appears on the measured dimensional val- 
ues of the processed workpieces after the generation of the manual compensating value (U'), and before an 
influence of the last manual compensating value (U 1 ) appears on the measured dimensional values. In the sec- 
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ond case indicated in Fig. 29(b), the influence of the previous automatic compensating value (Ui-1) appears 
on the measured dimensional values before the generation of the manual compensating value (IT), and an 
influence of the manual compensating value appears on the measured dimensional values after the generation 
of the manual compensating value. 

5 In the first and second cases of Figs. 29(a) and 29(b), the influences of the previous automatic compen- 

sating value (Ui-1) and the last manual compensating value (IT) appear on the measured dimensional values 
of the processed workpieces in the present automatic compensating cycle, and the present automatic com- 
pensating cycle consists of a first period from a beginning thereof to a first moment at which the influence of 
the previous automatic compensating value (Ui-1 ) appears on the measured dimensional values, a second per- 

w iod from the first moment to a second moment at which the influence of the manual compensating value (U') 
appears on the measured dimensional values, and a third period from the second moment to an end of the 
present automatic compensating cycle. In both of the two cases, the compensating value determining means 
(4) operates to obtain the second estimated dimensional values by adding a sum of the previous automatic 
compensating value (Ui-1) as the previous compensating value and the manual compensating value (U') as 

15 the last compensating value to each of the dimensional values (X) of the workpieces which are measured in 
the first period. Further, the compensating value determining means further obtains the first estimated dim n- 
sional values by adding only the manual compensating value (U') as the last compensating value to ach of 
the dimensional values of the workpieces which are measured in the second period. The compensating value 
determining means stores in the memory means the obtained first and second estimated dimensional values, 

20 and the dimensional values of the workpieces which are measured by the measuring device (3) in th third 
period. 

Thus, the second form of the apparatus described above effectively utilizes the measured dimensional 
values of the processed workpieces which are stored before the manual compensating command is generated. 
This arrangement permits reduction in the time required for determining the present automatic compensating 
25 value (Ui), and relatively frequent execution of the automatic compensating cycles, which assures improved 
accuracy of processing of the workpieces by the working machine. 

The estimated dimensional values of the processed workpieces may be obtained only after the number 
of the measured dimensional values stored in the memory means has reached a predetermined value. 

It is possible that there are three or more compensating values which actually influence the machine work- 
30 ing condition but do not influence the dimensional values of the processed workpieces which are measured 
by the measuring device. In this case, the estimated dimensional values may be obtained by adding the sum 
of those three or more compensating values to the actually measured dimensional values. 

As schematically shown in the block diagram of Fig. 35, the working system may include an in-process 
measuring device (12) for measuring the dimensional values of the workpieces while the workpieces are being 
35 processed by the working machine (1), as well as a post-process measuring device (44) as the measuring de- 
vice (3). The in-process measuring device is connected to an automatic sizing device (14), which is adapted 
to terminate the working operation on each workpiece when the dimensional value of each workpiece meas- 
ured by the in-process measuring device reaches a reference value. The automatic sizing device is controlled 
by a controller (20) which incorporates the compensating value determining means (4) and the compensating 
40 value applying means (5). The compensating value determining means is connected to the post-process meas- 
uring device (1 6), whilethe compensating value applying means (5) is connected to the automatic sizing device 
(14) to apply the determined automatic or manual compensating value (Ui, U') to the automatic sizing device 
to adjust the reference value. The compensating value determining means (4) is arranged to determine the 
automatic compensating value (U i) on the basis of at least an error value (R) of the dimensional value (X) meas- 
45 ured by said post-processing measuring device with respect to a nominal value (Ao). 

The compensating value determining means may use not only the error value (R) but also data indicative 
of a tendency of change in the error value, to determine the automatic compensating value. The tendency of 
change in the error value means a rate at which the error value changes with an increase in the number of the 
processed workpieces measured by the post-process measuring device. For example, the tendency of change 
so in the error value may be expressed by a derivative of the error value. The determining means may further 
use a derivative of the derivative of the error value, namely, the second derivative of the error value (R)> 

The third object indicated above may be achieved according to a second aspect of the invention, which 
provides a method of processing a plurality of workpieces by a working system including (a) a working machine 
for performing successive working operations on a plurality of workpieces, (b) machine control means for de- 
55 termining a working condition of the working machine on the basis of an extraneous compensating signal and 
controlling the working machin according to the determined working condition, and (c) a measuring device 
for measuring dimensional values of the workpieces processed by the working machine, the measuring device 
being positioned relative to the working machine such that there exist pre-measured workpieces which have 
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n hat the step of determining an automatic compensating value comprises success^ au on*» 
sating cycles each of which begins with commencement of the storing in the memory 

va ues of the workpieces measured by the measuring device and ends w.th determ.nrt.on of a present auto- 
rnt^c compensa ing value; and in that the automatic compensation includes a first and a second state ^.ch 
ale se3e the automatic compensation being effected in the first state to determ.ne he P™? mrion^ 
comp7nsatr g value on the basis of a plurality of first estimated dimensional values of the workp^ces wh.ch 
a^stored in L memory means in the automatic compensating cycle, each of the f ,s estimated d.mens.ona. 
v^ues being obtained by adding a last compensating va.ue to the dimensional value of the correspond.ng work- 
Ice which ' measured by the measuring device, on an assumption that the correspond.ng workp.ece .s p oc- 
assed u de the working condition inf iuenced by the last compensating value, the automatic -^pensahon 
bem^g effected in the second state to determine the present automatic compensating value on the bas.s of a 
p^ality of second estimated dimensional values of the workpieces which are stored ,n the memory means 
in the automatic compensating cycie. each of the second estimated dimensional values be.ng obtained by add 
ng a sum of the last compensating value and a previous compensating value immed-ately preceding the last 
compensating value, to the dimensional value of the corresponding workpiece wh.ch ,s measured by the meas- 
uring device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and optional objects, features and advantages of this invention will be better understood by 
reading the following detailed description of a presently preferred embodiment of the ,nvent.on, when cons.d- 
ered in connection with the accompanying drawings, in which: 

Fig 1 is a perspective view showing a workpiece in the form of a crankshaft to be ground by an array of 
grinding wheels of a working system in the form of a grinding system incorporating a feedback compen- 
sating apparatus constructed according to one embodiment of the present invention; 
Fiq 2 is a schematic view illustrating the grinding system of Fig. 1; 

Fig 3 is a schematic view showing in detail the construction of a grinding machine of the grinding system; 

Figs 4A and 4B are flow charts illustrating a portion of a compensating routine executed by a computer 

of a control device used for the grinding system of Fig. 3, for adjusting the grinding cond.tion; 

Figs 5A and 5B are flow charts illustrating another portion of the compensating routine; 

Figs. 6A, 6B f 7, 8A, 8B, 8C, 9Aand 9B are flow charts illustrating other portions of the compensating rou- 

Fig!'lO is a block diagram schematically showing the flows of the compensating routine of Figs. 4-9; 
Fig 11 is a graph indicating weighting coefficients "b" used in second step of Fig. 10; 
Fig. 1 2 is a graph schematically indicating a range in which the weighting rate of the weighting coeff ic.ents 
"b" is variable; • 

Fig. 13 is a view explaining the number K of measured values X necessary to obtain a moving average P 
according to a standard method in the feedback compensating apparatus; 

Fig. 14 is a view explaining the number K according to a first special method (substitution averaging meth- 
od) for obtaining the moving average P in the feedback compensating apparatus; 

Fig. 15 is a view explaining the number K according to a second special method (sub-averaging method) 
for obtaining the moving average P in the apparatus; 

Fig. 16 is a graph schematically showing an operation performed in third step of Fig. 10; 

Fig. 17 is a graph schematically showing an operation performed in fourth step of Fig. 10; 

Fig. 18 is a graph indicating stored membership functions associated with a dimensional error R, which 

are used in fifth step of Fig. 10 for determining a provisional compensating value U by fuzzy inference; 

Fig. 19 is a graph indicating stored membership functions associated with a derivative T of the error R, 

which are also used in fifth step of Fig. 10; 

Fig. 20 is a graph indicating stored membership functions associated with the provisional compensating 
value U, which are used in fifth step of Fig. 10; 

Fig. 21 is a graph schematically showing the operation in sixth step of Fig. 10; 
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Fig. 22 is a graph explaining an example of a process implemented by the compensating routine of Figs. 
4-9 to obtain a final compensating value U* from measured values X; 
Fig. 23 is a view schematically showing an operation performed in seventh step of Fig. 10; 
Fig. 24 is a graph schematically indicating "intermittent compensation" implemented in the apparatus; 
5 Fig. 25 is a graph schematically showing a first method of the "intermittent compensation" of Fig. 24; 

Fig. 26 is a graph schematically showing one form of the first method of Fig. 25; 

Fig. 27 is a graph schematically showing a second method of the "intermittent compensation" of Fig. 24; 
Fig. 28 is a graph schematically showing one form of the second method of Fig. 27; 
Figs. 29A and 29B are views explaining one feature of the apparatus; 
w Fig. 30 is a flow chart illustrating the details of step S104 of Fig. 5A; 

Fig. 31 is a flow chart illustrating the details of step S140 of Fig. 4B and step S150 of Fig. 8A; 
Fig. 32 is a flow chart illustrating the details of step S35 of Fig. 5B; 
Fig. 33 is a flow chart illustrating the details of step S55of Fig. 6B; 

Fig. 34 is a flow chart illustrating the details of step S65 of Fig. 8A and step S70 of Fig. 8C; 
15 Fig. 35 is a block diagram schematically showing the arrangement of the feedback compensating appa- 

ratus of Fig. 2; 

Fig. 36 is a block diagram illustrating essential elements of the feedback compensating apparatus of the 
present invention; 

Figs. 37Aand 37B are views schematically showing another embodiment of the present invention; 
20 Fig. 38 is a view schematically indicating a principle of a priorfeedback compensating apparatus developed 

by one of the present applicants et al.; 

Fig. 39 is a view explaining a workpiece checking station disposed between a working machine and a work- 
piece measuring device; 

Fig. 40 is a view schematically indicating a principle of another prior feedback compensating apparatus 
25 developed by the inventors indicated above with respect to Fig. 38; and 

Fig. 41 is a view explaining a drawback of the prior apparatus of Fig. 40. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

30 Referring first to Figs. 1-3, there will be described an embodimentof the feedback compensating apparatus 

of this invention. 

The present embodiment is applied to a working system in the form of a grinding system adapted to grind 
a workpiece in the form of a crankshaft of an engine of a motor vehicle, more specifically to grind cylindrical 
working portions of the crankshaft, namely, cylindrical surfaces of seven journals coaxially formed on th 
35 crankshaft. In Fig. 1, the crankshaft is indicated at 26, and the journals are indicated at 28. 

As shown in Fig. 2, the grinding system includes a cylindrical grinding machine 10, two in-process meas- 
uring heads 12 (only one of which is shown in the figure), an automatic sizing device 14, a motor controller 
1 5, a post-processing measuring device 16, a workpiece counter 18, a control device 20, and an auxiliary mem- 
ory 22. The individual components of the grinding system will be described. 
40 As indicated by thick solid lines with arrows in Fig. 2, a working line extends through the grinding system. 

A succession of workpieces in the form of crankshafts 26 (one of which is shown in Fig. 1) are transferred along 
the working line from the upstream side toward the downstream side (from left to right as seen in Fig. 2). 

The grinding machine 10 employs an array of coaxial cylindrical grinding wheels 30 as shown in Figs. 1 
and 3, for performing a cylindrical grinding operation on the seven journals 28 of each crankshaft 26. In oper- 
45 ation, the grinding wheels 30 and the crankshaft 26 are rotated in contact with each other, to simultaneously 
grind all of the seven journals 28. 

As shown in Fig. 3, the grinding machine 10 has a work table 32 on which the crankshaft 26 as the work- 
piece is mounted for grinding. The work table 32 is attached to a main frame of the machine 10, and includes 
a holder (not shown) for rotatably supporting the crankshaft 26, and a drive motor 34 for rotating the crankshaft 
so 26. 

The grinding machine 10 also has an infeed table 36 for advancing and retracting the array of grinding 
wheels 30 toward and away from the work table 32. and a swing table 38 mounted on the infeed table 36. The 
infeed table 36 is attached to the main frame of the machine 10, and is reciprocable in the direction perpen- 
dicular to the axis of the crankshaft 26 on the work table 32. The swing table 38 is rotatable or pivotable (both 
55 clockwise and counterclockwise) in a plane parallel to the plane of Fig. 3. about a pivot axis perpendicular to 
those planes and also perpendicular to an axis of the grinding wheels 30 indicated by one-dot chain line in Fig. 
3. The pivot axis is located near one of opposite ends of the shaft on which the wheels 30 are mounted. The 
infeed table 36 is reciprocated by an infeed motor 40 fixed to the main frame, and the swing table 38 is pivoted 
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of the f fr r a nd seventh journals 28 (hereinafter referred to as "end journals" where appropriate) winch are near- 

in Figs 2 and 3. and is principally constituted by a computer which includes a central processing | unit (CPU) 
a reLd only memory (ROM), a random-access memory (RAM) and a bus interconnecting the. j. elemen s. The 
I Z * tele 14 is adapted to monitor the diameters of the end journals 28 under gnnd.ng by the machme , 0 
bv means "the respective in-process measuring heads 12, and apply output signals to the motor controller 
X Zending uponSe outputs of the measuring heads 1 2. Described more Particularly, the s,z,ng device 14 
monitors the outputs of the measuring heads 12, as schematically indicated ^^^^T^^ 
to determine whether the residual amounts of infeed of the wheels 30 reared to «^ ^^'^ 
respective nominal diameter values Ao thereof have been reduced to respective preset values (e.g for rough 
aTnS^n? or whether the residual amounts of infeed have been reduced to zero or not, namely, whether 
fhe ?wo endlournals 28 have been ground to the nominal diameter values Ao (to be established by precs on 
or f inTsh grading) n other words, the sizing device 14 determines whether the output levels of the measur.ng 
he d 2 ave Reached reference values preset in the sizing device 14for the end Journal « 
The reference values may correspond to the final or nominal outside diameter values of the journals : 28. or 
any drt ed diameter values larger than the nominal values, which desired diameter values are 
a rough grinding operation, for example. Accordingly, the-signals supplied from the s,z.ng device 1 4 to the motor 
conSeMS Mbt. that the end journals 28 have been ground to the nominal diameter values Ao or the 
JesiduaTamounts of infeed of the wheels 30 have reached the preset values which correspond to outs.de di- 

ameters larger than the nominal values Ao. 

The reference values preset in the automatic sizing device 14 for the end journals 28 according to the nom- 
inal diameters Ao thereof can be adjusted according to respective compensating values U (U. ) received from 
. he conTrol device 20 of the compensating apparatus. This adjustment is made to assure that the actual d - 
ameters of the ground end journals 28 are exactly equal to the nominal diameter values Ao. The reference val- 
ues are adjusted with the compensating values U added thereto, or remain unchanged if no compensating val- 
ues U are received by the sizing device 14. Thus, the sizing device 14 is capable of automatically adjust ng 
the presently effective reference values according to the compensating values U received from the control 

deV As shown in Fig. 2, a keyboard 50 is connected to the automatic sizing device 14. so that the presently 
effective reference values of the sizing device 14 can be adjusted manually by the operator, by des.red amounts 
entered through the keyboard 50. The sizing device 14 stores in its RAM the presently effective manually en- 
tered compensating amounts and reference values, and transmit these data to the control dev.ce 20. when 
the control device 20 is ready to receive such data. 

As shown in Fig. 3, the motor controller 15 is electrically connected to the automatic sizing device 14 and 
the infeed and swing motors 40. 42. The motor controller 15 controls the infeed and swing motors 40 42 in 
response to commands manually entered through the keyboard 50 and signals received from the sizing dev.ce 

14 ' Usually, one cycle of grinding job performed by the grinding machine 10 consists of two or more grinding 
steps such as a rough grinding, a precision or finish grinding, and a final spark-out operation without an in- 
feeding action of the grinding wheels 30. The rough grinding continues until the residual amounts of infeed of 
the wheels 30 have been reduced to the preset values, and the precision or finish grinding continues until the 
diameters of the end journals 28 have become equal to the nominal values Ao, that is. until the reference values 
set in the sizing device 14 have been reached. Commonly, the preset residual amounts of infeed have been 
reached at different times for the two end journals 28. and therefore the signals indicative of the completion 
of the rough grinding for the two end journals 28 are generated from the sizing device 14 at different times. 
In the rough grinding, therefore, the swing motor 42 as well as the infeed motor 40 is controlled by the motor 
controller 15 to adjust the grinding angle between the axes of the wheels 30 and crankshaft 26. in order to 
assure substantially simultaneous completion of the roughing grinding for the two end journals 28. On the other 
hand the finish grinding is eff cted with only the infeed motor 40 operated by the motor controller 50 to mfeed 
the wheels 30, but with the swing motor42 held off. since the grinding angle is considered to have been properly 
adjusted during the rough grinding. The finish grinding is terminated with the infeed motor 40 turned off by the 
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sizing device 14 in response to the first received signal indicating that the reference value has been reached 
for one of the two end journals 28. The finish grinding is followed by the spark-out operation, and the infeed 
motor 40 is operated in the reverse direction to retract the array of wheels 30 from the crankshaft 26. The grind- 
ing angle may be controlled even in the finish grinding. 

5 The post-process measuring device 1 6 is located on the downstream side of the working line, remote from 

the grinding machine 10, as shown in Fig. 2. The measuring device 16 has seven post-process measuring 
heads 44 corresponding to the seven journals 28 of the crankshaft 26. These measuring heads 44, which are 
of the same type as the in-process measuring heads 12, are adapted to measure the outside diameters of the 
ground journals 28 of the workpieces W transferred from the grinding machine 10. The measuring device 16. 

10 is electrically connected to an input portion of the control device 20. 

The workpiece counter 18 is adapted to count the number Y of the pre-measured workpieces, i.e., ground 
crankshafts 26 which exist in a portion of the working line between the grinding machine 10 and the post- 
process measuring device 16. The workpiece counter 18 receives the output signal of a first workpiece de- 
tecting sensor 46 (e.g. limit switch) for detecting the transfer of each ground crankshaft 26 from the machine 

15 1 0, and the output signal of a second workpiece detecting sensor 48 (e.g., limit switch) for detecting the transfer 
of each ground crankshaft 26 into the post-process measuring device 16. The number Y of the pre-measured 
workpieces is incremented when each ground workpiece is detected by the first sensor 46, and decremented 
when each pre-measured workpiece is detected by the second sensor 48. The number Y represents the value 
MS of a so-called "dead time". 

20 The control device 20 is principally constituted by a computer incorporating a central processing unit 

(CPU), a read-only memory (ROM), a random-access memory (RAM), and a data bus interconnecting thes 
elements. The ROM stores programs to execute a compensating control routine. The control device 20 is also 
connected to the auxiliary memory 22, which is used to store measured diameter values X represented by the 
signals from the post-process measuring device 16, compensating values U determined on the basis of the 

25 diameter values X, and various other data. The data stored in the auxiliary memory 22 can be used by the 
operator, after a series of grinding operation, to analyze or diagnose the grinding conditions. 

A major portion of the above compensating control routine is illustrated in the flow charts of Figs. 4-9. Be- 
fore describing in detail the routine executed by the control device 20 by reference to these flow charts, the 
function of the present feedback compensating apparatus whose major portion is constituted by the control 

30 device 20 will be briefly described. 

AS schematically indicated in the block diagram of Fig. 35, the control device 20 is adapted to determine 
the compensating values U for adjusting or changing the respective reference values with which the outputs 
of the two in-process measuring heads 12 are compared by the automatic sizing device 14, for controlling the 
workpieces W to be subsequently ground. The compensating values U are determined on the basis of the di- 
ss ameter values X measured by the post-process measuring heads 44. The present working system in the form 
of the grinding system is adapted such that there exist a predetermined number of pre-measured workpieces 
W (crankshafts 26) between the working machine (grinding machine 100 and the post-measuring device 16. 
Thus, the present feedback control can be considered to be applied to a control system which receives as an 
input signal the compensating values U, and produces as an output signal the dimensional data representative 

40 of the measured diameter values X, and which has the dead time (dead time value MS represented by the 
number Y of the pre-measured workpieces) between the moments of generation of the input and output signals. 

The concept underlying the compensating control routine illustrated in Figs. 4-9 will be first described re- 
ferring to the flow chart of Fig. 10. It is noted that the step numbers used in the flow chart of Fig. 10 do not 
correspond to the step numbers used in the flow charts of Figs. 4-9 which will be specifically discussed later 

45 in detail. 

In the first step indicated in the flow chart of Fig. 10, the control device 20 reads in the diameter values X 
of the all journals 28 currently measured by the post-process measuring device 16. Then, the second step is 
implemented to calculate a moving average P of the measured diameter values X of the journals 28 which have 
been measured and which include the currently measured one. This second step is provided to avoid using a 

so suddenly changed value X. That is, even if the currently obtained diameter value X is considerably different 
from the last two or more values X, the moving average P obtained in the second step will not be considerably 
changed from the last obtained moving average values P. The moving averages P for the journals 28 are cal- 
culated on the basis of the diameter values X stored in calculation data memories of the RAM of the control 
device 20 and the currently measured diameter values X received in the f irst step. 

55 The control flow then goes to the third step to adjust the moving averages P calculated in the second step, 

as described below. The fourth step is then implemented to calculate, as compensating data, error values R 
and first arid second derivatives T and D of the error values R on the basis of the adjusted moving averages 
P (stored in the data memory of the RAM). The error value R for each end journal 28 is a difference between 
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the moving average P and the nominal dieter value Ao. The co ^^^^J 

termine by fuzzy inference the provis ional ^^'^^'^^IS^SS- 0-d «™ value MS >' 

the comp nsating data (R. T and D) and the "»^^ v l^^y^ u to obtain the f inal com- 

°' d ' The control device 20 does not determine the compensating values U* each time the diamet ers ■ * : ol -the 

1 1* hs*<; been measured by the post-process measuring device 16. 

Avouch* control device 20 receives the measured diameter values X of all the seven journals 28 of 
the ZSlf riSSuL X of only the two end journais 28 (first and seventh journa.s) are used as a prin- 

CiP 'U;~ W th of ^ the contro, device 20 has been briefly described, the 

features of the individual steps as shown in Fig. 36 will be discussed in deta.l. 

F rst \he calculation of the moving averages P in the second step of Fig 10w.l. be explamed 
The d ameter values X of the journals 28 measured from time to time by the measuring device 16 may 
have a cordera Je variation between successively measured values. Since it is desirable to avo.d us.ng a 
suddenly changed value X. a weighted moving average P is obtained from the present value X receded , he 
^st step and at least one previous va.ue X stored in the RAM. Generally, this moving average P .s cons.dered 
tn more accurately represent the actual diameter X of the ground journal 28. 

Te mov ^average Pi is calculated in the following manner, as a rule. That is a predetermmed number 
K (*2) of™e successively measured values X (including the value X obtained in the present cycle) are used 
to calculate the moving average Pi according to the following equation (1). for example: 

b,. 4 X l - 4 + b,- 3 X,. 3 + b,. 2 X,_ 2 + b,_, X,_, + b,X, (1) 
' bi_ 4 + b,_ 3 + b,_ 2 + b,.! + b i 

where i = number of the workpieces measured by the measuring device 16 (= number K) - 
In the present example, the above equation (1) is formulated to calculate the mov.ng average P, of the 
five successive values X. That is. the number K is equal to "5", and the number . .s also equal to 5 . 
The values b,. 4 through b, are weighting coefficients corresponding to the five values X. 
The weighting coefficients b are suitably determined in relation to the frequency of no lSy component waves 
that should be removed from the measured values X by using the moving average (^component waves 
which cause a relatively large variation of the values X). m the case where the number Y o the P™"™* 
workpieces existing between the machine 1 0 and the measuring device 1 6 is zero "0" or almost cons a * the 
frequency of the noisy component wave is not substantially changed. In th.s case, the we.ght.ng coeff .cents 

b can be determined in the following manner. 

To begin with, the following equation (2) is prepared such that co 2 . ... a>j co s represent angular fre- 
quencies of the noisy component waves to be removed from the values X. The number of the no.sy component 
waves is equal to s. 

(z 2 -27.cos u, tl) (z;-2zcos <y, +1) • • • < z a -2zcos o>. +1) 

- z **+ a ... z 2 • • + a 0 z $ t ■ • ■ + a .-. z . l 



» ^ 0 



(2) 



» Then, the values "V through »a 0 " selected from the values »1«, »a s . ,-. ••• "a 0 ". ... "as- 1". and "1" are deter- 
mined as the weighting coefficients h v ,, b Ms .,) b,. 

In the case where the number Y of the pre-measured workpieces is not always substantially constant, it 
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is unavoidable that the frequency of the noisy component waves to be removed from the measured values X 
by using the moving average P is likely to change more or less. In this case, therefore, it is desirable to deter- 
mine the weighting coefficients in the following manner. That is, the weighting coefficients b increase sub- 
stantially linearly in the order in which the corresponding measured values X are measured, as indicated in 
5 Fig. 11 . According to this method, the weighting coefficient bi for the presently measured value X is the largest. 
This method makes it possible to eliminate low-frequency noisy component waves over a relatively wide range, 
from the measured values X, and the calculated moving average P is less likely to be influenced by the noisy 
component waves. 

In the above case, the gradient of the linear increase of the weighting coefficient b is determined so as to 
w best suit a standard condition in which the number Y of the pre-measured workpieces changes. For instance, 
the coefficients bj. 4( by. 3 , bv 2. bj_ ^ and bi are determined to be 1 , 2, 3, 4 and 5, respectively. However, this man- 
ner of determination of the weighting coefficient b causes the obtained moving average P to vibrate or vary 
with the measured values X, if the variation amount of the measured values X is relatively large. The variation 
amount is interpreted to mean a magnitude of periodic variation of the measured values X as the number t of 
15 the measured workpieces increases. In this case, the obtained moving average P does not accurately represent 
the actual tendency of change in the diameter values of the journals 28. If the variation amount of the measured 
values X is relatively small, the moving average P is likely to be less responsive to the change in the measured 
values X. 

In the light of the above background, the present third embodiment is arranged to automatically change 

20 the gradient of increase of the weighting coefficients b as needed, for automatic adaptation to the variation 
amount of the measured values X. 

Described more specifically, a provisional value of the moving average P is calculated using the last used 
weighting coefficients b, and differences between the presently calculated provisional value of the moving 
average P and the individual measured values X used to obtain the provisional value are summed to determine 

25 the variation amount (with respect to the last used coefficients b) of the measured values X in question. If the 
determined variation amount is equal to or smaller than an upper limit A, the provisional value of the moving 
average P is determined as the final or effective value. If the variation amount is larger than the upper limit A, 
the weighting coefficients b are incremented or decremented between the highest and lowest increase rates, 
as schematically shown in Fig. 1 2, until the variation amount is reduced below the upper limit A. The. weighting 

30 coefficients b at this time are used as the effective coefficients for calculating the final value of the moving 
average P. Consequently, when the variation amount of the measured values X is relatively high, the gradient 
of linear increase of the coefficients b is accordingly small, and the influence of the currently measured value 
X on the moving average P is reduced, whereby the moving average P becomes less responsive to the currently 
measured value X. When the variation amount is relatively small, on the other hand, the gradient of linear in- 

35 crease of the coefficients b is accordingly large, and the influence of the currently measured value X on the 
moving average P is increased, whereby the moving average P becomes more responsive to the currently 
measured value X. 

However, the variation amount of the measured values X may not be reduced below the upper limit A even 
if the weighting coefficients b are changed between the highest and lowest increase rates as indicated in Fig. 

40 12. In this case, the weighting coefficients b which caused the smallest variation amount during changing of 
the coefficients b are used as the effective coefficients for calculating the final moving average P. 

While the method of calculating the moving averages P has been described, the method if practiced as 
described above would not be capable of calculating the moving averages P until the number of the values X 
which have been measured (the presently measured value and the values stored in the data memory of the 

45 RAM of the control device 20) has become equal to "K". In this period, neither the error values R and derivative 
values T nor the compensating values U can be calculated, and a relatively long time is required to calculate 
the compensating values U. In Fig. 13 as well as in Figs. 14 and 15 referred to below, the values indicated in 
relatively left portions of the figures are obtained prior to the values indicated in relatively right portions of the 
figures. That is, the number i of the measured workpieces increases in the direction from left to right as seen 

50 in Fig. 13. 

In the present embodiment, however, the moving averages P are calculated according to a special aver- 
aging method differentf rom the normally used method, until the number of the values X which have been meas- 
ured has become equal to "K" ("5" in the case of Fig. 13). 

As the special averaging method, there are available two methods, namely, a substitution method and a 
55 sub-averaging method, which will be described. 

The substitution m thod is to substitute the currently measured value X for the moving average P to be 
obtained in the present cycle, as indicated in Fig. 14, if the calculation of the moving average P is impossible, 
that is, until the number of the measured values X has become equal to "K". This substitution method is based 
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on the fact that the currently measured value X is by nature close to the moving average P to be , obtained ac- 
cording to the normally used method. The calculation of the movmg average P according to the subst.tut.on 
method will be referred to as "substitution averaging mode". ^ 

The substitution averaging mode for the moving average P is available for a.l the ™™£ ^ 
the first value X to the subsequent values X until the total number of the measured values X has become equal 
o ' For instance, where the number K is equal to "5". the first four measured values X may 
moving averages P. However, this is not desirable for the following reason. Namely, the accuracy of a denvative 
T ca Sated on the basis of a certain number of the moving averages P is lowered with an .ncrease m the ratio 
of the measured values X substituted for the moving averages P. and the accuracy of the c°mpensat,ng value 
U is accordingly lowered. For instance, if the first four measured values X were used as the f .rst four mov ng 
averages P where the number K is equal to "5". the accuracy of the derivative T determined from the f.rstf ,ve 
movinq averages P would not be sufficiently reliable. 

To solve the above problem, it is preferable to limit the maximum number Z of the measured values X which 
can be used as the moving averages P. In the specific example of Fig. 14 where the number K is 5 the max 
imum number Z is equal to "3". and therefore up to three measured values X can be used to calculate the der- 
ivative T. In this example, however, the f irst measured value X cannot be used as the moving average P. and 
the derivative T cannot be calculated even when the number of the measured values X available has become 

On°the other hand, the sub-averaging method uses auxiliary equations to calculate a weighted moving 
average from the currently usable measured values X whose number is smaller than »K\ For instance, equa- 
tions to calculate a moving average from three and four measured values X are selectively used depending 
upon the number of the values X currently available (currently measured value X and value or values X stored 
in the data memory). The calculation according to this sub-averaging method will be referred to as sub-aver- 
aging mode". An example of this sub-averaging method where K = 5 is illustrated in Fig. 15. in which the fol- 
lowing four equations (3-1) through (3-4) corresponding to four numbers of the measured values X ava.lable 
are used: 

Number of 
Values X 



35 



40 



Pi =Xi (3-D 

c i - , X i - 1 + c i X i 



Pi = 



+ C i (3-2) 



Pi = 



d,-2 Xi-2 +di-i X.-i ~di Xi (3-3) 



45 



6 i-z ~ d ,- : + d , 
e ,- 3 X,- 3 + e t -2 X,-, + e ,- : X ,-, + e , X * 



4 P , = : ; 7 

ei-j^ei-^-re.-i-t-e. (3-4) 



so In the above example of Fig. 1 5, the moving average P when oriy one value X is available can be obtained 

according to the equation (3-1). Thus, the derivative T can be calculated when the number of the measured 
values X available has become equal to "K". 

In the present embodiment, the function of calculating the moving average P according to the special aver- 
aging method (herein referred to as "special averaging function") is enabled or disabled by a SPECIAL AVERr 

55 AGING command entered by the operator. If this SPECIAL AVERAGING command is present, either the sub- 
stitution averaging mode or the sub-averaging mode is selected by the operator. Therefore, either a SUBSTI- 
TUTION AVERAGING command selecting the substitution averaging mode, or a SUB-AVERAGING command 
selecting the sub-averaging mode is necessarily present while the SPECIAL AVERAGING command is pres- 
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ent. 

Then, the adjustment of the moving averages P in the third step of Fig. 10 will be explained. 

In the grinding system to which the control device 20 is connected, the array of grinding wheels 30 is con- 
trolled on the basts of the diameters of only the two end journals 28 of the already ground crankshafts 26. If 
5 the compensating values U to adjust the reference values set in the automatic sizing device 14 are determined 
on the basis of the measured diameters X of only the two end journals 28, the dimensional accuracy of the 
ground crankshaft 26 would not be sufficiently uniform or even for all the seven journals 28. 

In view of the above drawback, the present third embodiment employs a technique of adjusting the calcu- 
lated moving averages P of the two end journals 28, on the assumption that the diameters (i.e., moving average 
w values P) of the seven journals 28 at different axial positions 1J through 7 J of the crankshaft 26 linearly change 
as a function of the axial distance of the journals 28 as measured from one of the end journals 28 (first or 
seventh journal), as schematically indicated in the graph of Fig. 16. 

For the above adjustment of the moving averages P of the two end journals 28, the following equation (4) 
is used, for example: 

where, 



x = values (1 through 7) identifying the seven journals 28 

x* = average of the seven values x of the seven journals 28 

20 y = adjusted moving average P for each value x 

P = calculated moving average P (before the adjustment) for each value x 

P' = average of the seven calculated moving averages P 



For instance, the adjusted moving average y1 of the first journal 28 is obtained by inserting "1 " as the value 
x in the above equation (4), and the adjusted moving average y7 of the seventh journal 28 is obtained by in- 
25 serting "7" as the value x. 

In the present embodiment, the function of adjusting the calculated moving averages P is enabled or dis- 
abled by the operator. 

While the present embodiment is adapted to adjust the calculated moving averages P of the end journals 
28, the two measured values X used to calculate the moving averages P may be similarly adjusted. 
30 Then, the manner of obtaining the compensating data in the fourth step of Fig. 10 will be explained. 

As described above, the compensating data include not only the error values R but also the first and second 
derivatives T and D. The error value R is one form of the dimensional error of the ground workpiece (crankshaft 
26), while the first derivative T is one form of a variable or parameter indicative of the tendency of change in 
the dimensional error (R). Further, the second derivative D is one form of a variable or parameter indicative of 
35 the tendency of change in the tendency of change (D) in the dimensional error. 

The parameters T and D are used in addition to the error values R to determine the compensating values 
U, since the use of the first and second derivatives T and D permits more accurate or exact estimation of th 
actual grinding condition of the machine 10 and assures accordingly improved accuracy of adjustment of the 
reference values used by the automatic sizing device 14, as compared with the use of only the error values 
40 R. 

There will be explained the calculation of the first derivative T. 

As a rule, the first 'derivative T of the error value R is determined on the basis of a first order regression 
line with respect to a predetermined number L (S2) of the error values R which consist of the presently calcu- 
lated error value, R and at least one previously calculated error value R stored in the data memory. This de- 

45 • termination is based on the assumption that the error values R change almost linearly along the regression 
line, with an increase in the number i of the measured workpieces. As schematically indicated in the graph of 
Fig. 17, the first derivative T is obtained as the gradient of the regression line, more specifically, as tan 9 where 
the gradient (radian) of the regression line is 9. For example, the first order regression line is obtained according 
to the following equation (5): 

50 £(x-x , )(R-R) , . X ') + R' ( 5 ) 

y Z(x-x')2 v 

where, 



x = number (i) of the measured workpieces 

x' = average of values x (whose number is equal to L) 

55 y = adjusted error value R for each value x 

R = calculated error value (before the adjustment) for each value x 

R* = average of the calculated error values R (whose number is equal to L) 



Then, the first derivativ T is calculated according to the following formula (6): 
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w 



25 



Sfx-x-XR-R') (6) 

As in the calculation of the moving averages^however. the above method if practiced as described above 
would not be capable of calculating the derivative Tontil the number of the error values Rava.lable has become 

Tn view of the above, the present embodiment uses auxiliary equations (as used in the calculation , of the 
movLTerageP)^^ 

bTr is smaHer than V. For instance, where the number L is equal to "5", equations to determine regression 
iZ s whlra the number L is "1" "2", "3" and "4". respectively, are selectively used depending upon the number 
o the error vatuesTcurrently available (currently calculated error va.ue R and error value or values R stored 
in the data memory). This method of calculating the first derivative T will be referred to as "special differen- 

ti3ti T^above function of the special differentiation mode to obtain the first derivative T is also ^enabled I or 
disabled by the operator. The function is enabled by a SPECIAL DIFFERENTIATION command entered by the 

15 OPe The r re will next be described the method of calculating the second derivative D of the error value R^ 

The calculation of the second derivative D is similar to that of the first denvat.ve T. That is, the second 
derivative D of the error value R is determined on the basis of a first order regress.on line with respect to a 
predetermined number Q (*2) of the first derivative values T which consist of the presently calculated value 
,o T and at least one previously calculated value T stored in the data memory. This determinate is based on 
the assumption that the f irst derivative T change almost linearly along the regression line, with an increase in 
the number i of the measured workpieces. The second derivative T is obtained as the gradient of the regression 
line more specifically, as tan 9 where the gradient (radian) of the regression line is 9 

However the use of the second derivative D is not essential, and the mode to use the second derivative 
D is established by a SECOND DERIVATIVE USE command entered by the operator. 

In the present embodiment, a special differentiation mode as is available with respect to the first derivative 
T as described above is not available with respect to the second derivative D. However, it is possible to prov.de 
the special differentiation mode for the second derivative D. 

There will be explained the calculation of the provisional compensating value U by fuzzy inference in the 
fifth step of Fig. 10. In particular, the concept of adjusting the provisional compensating value U depending 
upon the dead time value MS or number Y of the pre-measured workpieces, and the concept of the fuzzy in- 
ference will be discussed in detail. . 

When the number Y of the pre-measured workpieces (crankshafts 26) existing between the grinding ma- 
chine 10 and the post-process measuring device 16 changes, it is desirable to change the fuzzy rules used to 
determine the provisional compensating value U. depending upon the number Y which represents the dead 
time value MS as discussed above. In the present embodiment, therefore, the fuzzy rules used to obtain the 
compensating value U may be changed with the dead time value MS taken into consideration, as described 
later 

However, the function of changing the fuzzy rules indicated above is enabled and disabled by the operator. 
Then the fuzzy inference implemented to calculate the provisional compensating value U will be explained. 
In the present embodiment, the following three fuzzy inference modes are available: (1 ) first mode in which 
only the error value R and the first derivative T are used as input variables for the fuzzy inference; (2) second 
mode in which the second derivative D as well as the error value R and the first derivative T is used as a third 
input variable for the fuzzy inference; and (3) third mode in which the error value R, first derivative T and dead 
45 time value MS are used as input variables for the fuzzy inference. 

The second mode is established by the SECOND DERIVATIVE USE command as indicated above, and 
the tnjrd mode js established by a DEAD TIME COMPENSATION command. The first mode is established when 
none of these commands are present. 

While the above three fuzzy inference modes will be discussed, only the first mode will be explained in 
detail by way of example, since the three modes are based on a common fundamental concept. In the first 
mode, the compensating value U is calculated by fuzzy inference on the basis of only the error value R and 
first derivative T. 

For the control device 20 to effect the fuzzy inference, the read-only memory (ROM) provided therein also 
stores fuzzy inference data used for determining the compensating value U by fuzzy inference. The fuzzy in- 
ference data include: (a) fuzzy inference programs; (b) three groups of membership functions associated with 
the error value R, first derivative T and compensating value U, respectively; and (c) two groups of fuzzy rules 
for defining relationships among the error value R, derivative T and compensating value U. 

For the error value R, the control device 20 uses seven fuzzy labels NB (negative big), NM (negative me- 
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dium), NS (negative small), ZO(zero), PS (positive small), PM (positive medium) and PB (positive big), whos 
values increase in the order of description from a negative value to a positive value. The membership functions 
of these fuzzy labels are indicated in the graph of Fig. 18. 

For the first derivative T of the error value R, the control device 20 uses five fuzzy labels NB, NS, ZO, PS 

5 and PB t whose values increase in the order of description from a negative value to a positive value. The mem- 
bership functions of these fuzzy labels are indicated in the graph of Fig. 19. 

For the provisional compensating value U, the control device 20 uses the seven fuzzy labels NB, NM, NS, 
ZO t PS, PM and PB, as described above with respect to the error value R, The membership functions of these 
seven fuzzy labels are indicated in Fig. 20. An increase in the compensating value U results in an increase in 

w the reference value set in the automatic sizing device 14, which in turn results in an increase in the outside 
diameter of the journals 28 of the crankshaft 26. On the other hand, a decrease in the compensating value U 
results in a decrease in the reference value, which in turn results in a decrease in the outside diameter of the 
journals 28. 

While only one group of fuzzy rules is sufficient to effect fuzzy inference which permits the compensating 
75 value U to be determined in some way, the present third embodiment uses the two groups of fuzzy rules, for 
the reason stated below. 

While the measured diameter values X of the ground journals 28 are relatively stable and the variation 
amount of the measured values X is relatively small, it is desirable to determine the compensating value U so 
that the determined compensating value U is highly responsive to the changes in the error value R and first 

20 derivative T, in order to improve the dimensional accuracy of the ground journals 28. When the measured val- 
ues X are unstable due to the vibration of the grinding machine 10, for example, with a result of an increase 
in the variation amount of the measured values X, the compensating value U if determined according to the 
fuzzy rules adapted for use when the variation amount is small may further deteriorate the vibration level of 
the measured values X, as a result of the adjustment of the reference value of the automatic sizing device 14 

25 according to the thus determined compensating vaiue U. In the light of this observation, the two groups of fuzzy 
rules are selectively used depending upon the vibration level of the measured values X. Namely, the first group 
consists of positive fuzzy rules used when the variation amount is relatively large, so that the compensating 
value U determined by the positive fuzzy rules is highly responsive to the changes in the error value R and 
derivative T f while on the other hand the second group consist of negative fuzzy rules used when the variation 

30 amount is relatively large, so that the compensating value U determined by the negative fuzzy rules is less 
responsive to the error value R and derivative T. 

The positive fuzzy rules are indicated in TABLE 1, while the negative fuzzy rules are indicated in TABLE 

2. 

35 

TABLE 1 



45 







POSITIVE 


FUZZY 


RULES 




R 


NB 


NM 


NS 


ZO 


PS 


PM 


PB 




NB 


ZO 


ZO 


PS 


ZO 


ZO 


ZO 


ZO 




NS 


PB 


PM 


PS 


ZO 


ZO 


NS 


NM 


T 


ZO 


PB 


PM 


PS 


ZO 


NS 


NM 


NB 




PS 


PM 


PS 


ZO 


ZO 


NS 


NM 


NB 




PB 


ZO 


ZO 


ZO 


ZO 


NS 


ZO 


ZO 



An example of the positive fuzzy rules of TABLE 1 is as follows: 
IF R = NB and T = NS. THEN U = PB. 
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TABLE 2 
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NEGATIVE 


FUZZY 


RULES 






R 


NB 


NM 


NS 


ZO 


PS 


PM 


PB 




NB 


ZO 


ZO 


ZO 


ZO 


ZO 


ZO 


ZO 




NS 


PS 


PS 


PS 


ZO 


ZO 


NS * 


NM 


T 


ZO 


PB 


PM 


PS 


ZO 


NS 


NM 


NB 




PS 


PM 


PS 


ZO 


ZO 


NS 


NS 


NS 




PB 


ZO 


ZO 


ZO 


ZO 


ZO 


ZO 


ZO 
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An example of the negative fuzzy rules of TABLE 2 is as follows: 

J^^Jn"^ 1 ^:^ Positive and native fuzzy ru.es are *" ™ £ 
compensating values U determined according to the positive fuzzy rules are generally larger than hose de 
LZn« accordinq to the negative fuzzy rules, even when the input variables R and T are constant 
^^^^!£SLi^ designed- such that when the contro. device 20 is initially turned on, the group 

° f C2 emb^me^Taiso designed such that the positive fuzzy ru.es are used after the variation 
a m 0 ?ntofThe measured values X has been reduced as a result of the use of the negafve fuzzy rules which 

of trie neaative fuzzy rules may increase the variation amount of the measured values X shortly after the use 
of Te positive f uzf/rL, On L other hand, however, the use of the negative fuzzy ru.es or a long time w . 
lower the esponse speed of the compensating value U with respect to the actual change ,n the measured val- 
ues X heading to deterioration of the dimensional accuracy of the ground journals 28. .n this sense the posrtive 
?uiy rules a? e used immediately after the variation amount has been reduced below a g.ven 
^period of time during which the negative fuzzy rules are used, for the purpose of .mproving the d,mens,onal 

'^^S^S^ the determination as to whether or not the variation amount of the measured 
values X is'larger than a given threshold, that is, the determination as to whether *• " 
the negative fuzzy rules should be used is effected on the basis of the frequency of appl.cahon of NB/PB fuzzy 
jes which are the positive and negative fuzzy rules which are used when the calculated denvatrve T .s NB 
or effect this determination, the RAM of the contro. device 20 indudes a CYCLE counter and , «, i NB/PB 
counter The CYCLE counter is used to count the number of cycles of execution of the rout.ne of Fig. 1 0 (control 
routine of Figs. 4-9 which will be described), more precisely, the number of times of the f uzzy inference oper- 
ations in the fifth step of Fig. 1 0. The NB/PB counter is used to count the number of application or use o the 
NB/PB fuzzy rules. The CYCLE counter is incremented each time the fifth step of Fig. 1 0 is implemented. When 
the count of the CYCLE counter exceeds a predetermined threshold va.ue B («) the control device 20 de- 
termines whether the count of the NB/PB counter exceeds a predetermined threshold value C (smaHer than 
B) If the count of the NB/PB counter is larger than the value C, the variation amount of the measured values 
X is determined to be larger than the threshold. The CYCLE counts is reset to "0" when the count exceeds 
the threshold value B, and the NB/PB counter is reset to "0" when the CYCLE counter is reset. 

While the rationale for using the two groups of fuzzy rules and the difference between these two groups 
of fuzzy rules have been explained, the common design concept of the fuzzy rules will be expla.ned. 

The two groups of fuzzy rules are formulated so that the provisional compensating value U decreases with 
not only an increase in the value of the appropriate fuzzy label for the error value R, but also an increase in 
the value of the appropriate fuzzy label for the derivative T. That is. the value U decreases as the error value 
R and derivative T increase. 

The above concept is represented in the positive fuzzy rules of TABLE 1 . for example, such that when the 
derivative T is "NS", the compensating value U decreases in the order of "PB", "PM", "PS". "ZO", "ZO", "NS 
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and "NM" as the error value R increases, and when the error value R is "NM", the value U decreases in the 
order of "PM", "PM" and "PS" as the derivative T increases in the order of "NS", "ZO" and "PS". 

Further, the fuzzy rules are formulated such that the compensating value U changes toward "0" when the 
diameter value X measured by the post-process measuring device 16 suddenly or abruptly decreases or in- 
5 creases. This arrangement is effective to maintain high dimensional accuracy of the processed workpieces, 
when the measured value X is abnormally reduced or increased due to a temporary trouble or defect of the 
in-process measuring device 1 2. The instant arrangement maintains the currently established reference values 
of the automatic sizing device 14 f with the compensating value U being zeroed, in the event ofsuch temporary 
trouble with the in-process measuring device 12. 
w The above arrangement is embodied in the fuzzy rules of TABLE 1, for example, such that the compen- 

sating value U is "ZO", when the error value R is "NB" or "NM" and when the derivative T is "NB", or when the 
error value R is "PM" or "PB" and when the derivative T is "PB". 

Next, there will be explained the operation in the sixth step of Fig. 1 0 to obtain the final compensating val- 
ues LT for gradual adjustment of the reference values set in the automatic sizing device 14. 
15 As mentioned above, it is generally recognized that the error in the dimension of the ground journals 28 

of the crankshafts 26 substantially linearly changes with an increase in the number i of the measured work- 
pieces (crankshafts 26). In this respect, it is desirable to slowly or gradually change the compensating value 
U for gradually or smoothly adjusting the reference values of the sizing device 12. 

In view of the above, the present embodiment is adapted such that the provisional compensating values 
20 U are first calculated as indicated in the graph of Fig. 21 , and then the final compensating value U* is calculated 
on the basis of a first order regression line of a predetermined number M (^2) of the calculated provisional 
compensating values. The regression line is determined on the assumption that the provisional compensating 
values U (whose number is equal to "M") increase substantially linearly with an increase in the number i of the 
measured workpieces. The thus obtained final compensating value U* is fed to the automatic sizing device 
25 12. 

For the final compensating value U* is calculated according to the following equation (7), for example: 
where, 

30 x = number i of measured workpieces 

x' = average of the values x (whose number is equal to "M") 

y = final compensating value U* for each value x 

U = provisional compensating value U for each value X 

IT = average of the provisional compensating values U (whose number is equal to "M") 
35 For instance, the final compensating value U* is obtained by inserting "i" as the value x in the above equa- 

tion (7). 

The above function of adjusting the provisional compensating value U to obtain the final compensating 
value U* is enabled by a GRADUAL COMPENSATION command entered by the operator. 

An example of a series of operations until the final compensating value U* is obtained in the presence of 
40 the GRADUAL COMPENSATION command is schematically illustrated in Fig. 22, In this figure, the values in- 
dicated in relatively left portions of the figure are obtained prior to the values indicated in relatively right portions 
of the figures. That is, the number i of the measured workpieces increases in the direction from left to right as 
seen in Fig. 22. It will be apparent from the figure that a first final compensating value U* is obtained when 
the number of measured values X stored in the data memory has become equal to (K + L + M - 2), provided 
45 the routine of Fig. 10 is initiated without any measured values X stored in the data memory. Thus, a predeter- 
mined number of measured values X is required to obtain the first final compensating value U\ 

The feature of the seventh step of Fig. 10 will then be described. 

The thus obtained final compensating value U* for gradual adjustment of the reference values of the sizing 
device 14 is transmitted to the sizing device 14 in the eighth step of Fig. 10. However, the transmission in this 
so eighth step is omitted if the absolute value of the final compensating values U* is smaller than a threshold. 
That is, the eighth step is preceded by the seventh step to determine whether the final compensating value 
U* falls within a tolerable range indicated by N in the graph of Fig. 23. 

There will next be explained the intermittent determination of the compensating value U briefly mentioned 
above. 

55 The reference values used in the automatic sizing device 14 for controlling the grinding condition of the 

machine 10 for the end journals 28 of the crankshaft 26 can be continuously adjusted by the compensating 
value U which is updated each time the diameter values X of the journals 28 are measured by the post-process 
measuring device 16. However, this continuous adjustment of the reference values or the continuous updating 
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of the compensating va.ue U gives rise to a problem that the compens^value , U should be ^e^r 
each and every one of the workpieces measured by the measuring dev.ce 16. This leads to 

T^e c^^Ti^tent compensation is schematically il.ustrated in 
chJs a variation in the measured error (dimensional error R) of the outside d.ameter of the journal 28 when 
S are present as "pre-measured workpieces" between the grinding 

ma hTne^o and the measuring device 16. In the graph, the number Y of the ^^J^^ 
responding to the dead time value MS explained above) is indicated as "measurement de ay > ^an I U 1 and 
uTreoresent the last and present compensating values U. It will be understood that an influence of the last 
compensating va ue Ui-1 appears on the dimensional error R which is measured when a t,me correspond ng 
^hT^nm^ delay Eas passed after the moment of determination of the last compensating value Uh 
SSen^ the'present compensating value Ui appears on the ^^^^^ 
when the measurement delay time has passed after the determination of the value U.. The graph of Fig 24 is 
based on gumption that the dimensional error of the workpieces increases substantially linearly w,t . .n 
Urease in the number i of the measured workpieces. where the workpieces are ground successively wh.le 
he Xence values used by the sizing device 14 for the two end journals 28 are held constant. One reason 
or the" crease in the dimensional error with the number i is an increase in the amount of wear of the work ng 
tools or grinding wheels 30 used by the working machine or grinding machine 1 0. The above assumption also 
aoolies to the qraphs of Figs. 25-28 referred to later. 

For the intermittent compensation, there are available the following two modes as descnbed below. 

I. FIRST INTERMITTENT COMPENSATION MODE 

As described above, the automatic sizing device 14 is connected to the grinding system in which a given 
number Y of pre-measured workpieces are present between the grinding machine 10 and the post-process 
measuring device 16. Hence, a workpiece ground with the reference values adjusted by the preceding com- 
pensating value U-1 is not necessarily measured by the measuring device 1 6 immediately after the completion 
of the grinding operation on that workpiece. In other words, the workpiece in question may be measured after 
some number of the previously ground workpieces have been measured by the device 16 Accordingly, to re- 
flect the last compensating value Ui-1 on the present compensating value Ui. it is des.rable that the present 
compensating value Ui is determined only after at least one workpiece ground according to the last compen- 
sating value Ui-1 has been measured, j . j > A o-h* 
With the above aspect taken into account, the first intermittent compensating mode is adapted, as sche- 
matically illustrated in the graph of Fig. 25, so as to store diameter values X successively measured by the 
device 16, and determine the present compensating value Ui when the number of the stored measured values 
X has reached a predetermined number (£2). The value Ui is determined on the basis of the predetermined 
number of the stored values X. When or after the first workpiece subjected to the thus determined compen- 
sating value Ui has been measured by the device 16. the data memory to store measured values X is cleared 
and the values X measured thereafter (which may include the value X of the first workpiece indicated above) 
are successively stored to determine the next compensating value Ui+1 . 

In one form of the first intermittent compensation mode, there exists a compensating interval or cycle be- 
tween the moments of determination and transmission of the last and present compensating values U.-1 and 
Ui During this compensating interval, the compensating value U is not updated, and the corresponding refer- 
ence value used in the sizing device 14 remains unchanged. This form of compensation is based on the concept 
that there exists a proportional relationship between the number i of the measured workpiece and the dimen- 
sional error R of the workpieces. According to this concept, the present compensating value Ui is determined, 
or the compensating value U is updated so that the dimensional errors R of the workpieces influenced by the 
present or updated compensating value Ui are eventually zeroed as a whole. 

However, the above form of the first intermittent compensating mode suffers from a drawback that the 
moment of determination of the compensating value Ui is determined solely by the number of the stored meas- 
ured values X, irrespective of an actual change in the measured values X. This may lead to inadequate timing 
of adjustment of the reference value of the sizing device 14. 

To solve the above drawback, a second form of the first intermittent compensating mode is adapted such 
that if the determined compensating value Ui is substantially zero orfalls within a tolerable range as described 
above by reference to Fig. 23. the compensating value Ui is not sent to the sizing device 14, and the determi- 
nation is deferred until some additional measured values X have been stored. This form of intermittent com- 

20 



BP 0 €65 481 A2 



pensation assures timely adjustment of the reference value of the sizing device 14 when the compensating 
value Ui is outside the tolerable range, that is, when the dimensional error R has considerably changed. 

However, the above second form of the first intermittent compensating mode is not capable of adjusting 
the reference value of the sizing device 14 with high response to a change in the measured values X which 

5 takes place shortly after the determination and transmission of the last compensating value Ui-1 , namely, dur- 
ing an initial portion of the compensating interval or cycle indicated above. Such a change is reflected on the 
measured values X subsequently stored in the data memory, and therefore reflected on the present compen- 
sating value Ui. Thus, a change in the dimensional error R shortly after the determination of the last compen- 
sating value Ui-1 cannot be dealt with until the preset compensating value Ui is determined and transmitted 

w to the sizing device 14. Therefore, the dimensional error R cannot be reduced toward zero with sufficiently 
high response. 

The above drawback may be removed according to a third form of the first intermittent compensating mode, 
in which primary compensation (i.e., determination of Ui as indicated in Fig. 25) according to the above s cond 
form is followed by auxiliary compensation, as schematically illustrated in the graph of Fig. 26. The auxiliary 

15 compensation is effective to deal with a change in the measured values X which occurs shortly after the com- 
pletion of the primary compensation. The auxiliary compensation is highly responsive to such change. 

To achieve the primary compensation, the diameter values X measured by the measuring device 16 are 
successively stored in the data memory, and a provisional compensating value Up is determined when the 
number of the stored measured values X has become equal to a predetermined value. The provisional value 

20 Up determined on the basis of the predetermined number of the stored values X is used as a final compensating 
value Uf. 

The auxiliary compensation following the primary compensation is adapted to continue storing the meas- 
ured values X, and determine a provisional compensating value Up as in the primary compensation, on the 
basis of a predetermined number (^2) of the measured values X when each ground workpiece is measured 

25 by the measuring device 16, during a period between a moment after the primary compensation is completed 
(e.g., immediately after the primary compensation is completed) and a moment before or when the measure- 
ment of the workpiece which immediately precedes the first workpiece subjected to or influenced by the pri- 
mary compensation is completed. For example, the auxiliary compensation is commenced immediately after 
the primary compensation is completed, and is continued until the workpiece immediately preceding the first 

30 workpiece influenced by the primary compensation has been measured. The determined provisional compen- 
sating value Up of the auxiliary compensation is subtracted from the final compensating value Uf of the primary 
compensation, and the thus obtained difference is used as a final compensating value Uf of the auxiliary com- 
pensation. 

In the auxiliary compensation, therefore, the provisional compensating value Up as determined in the same 

35 manner as in the primary compensation is not sent to the automatic sizing device 14. Instead, the difference 
of the provisional values Up of the primary and auxiliary compensations is applied to the sizing device 14, for 
the reason described below. 

As explained above, the provisional value Up of the auxiliary compensation is based on the values X meas- 
ured before the first workpiece influenced by the primary compensation is measured by the measuring device 

40 1 6. Hence, if the provisional value Up of the auxiliary compensation were applied, this would be added to the 
final compensating value Uf of the primary compensation, and the reference values for the workpieces already 
influenced by the primary compensation would be again influenced or adjusted by the provisional compensat- 
ing value Up of the auxiliary compensation, without considering an influence of the primary compensation. 
Accordingly, only the difference of the provisional compensation value Up of the auxiliary compensation from 

45 the final compensation Uf of the primary compensation is used as the final compensating value Uf of each 
auxiliary compensation, which is applied to the sizing device 14 before the first workpiece influenced by the 
primary compensation has been measured. While two or more auxiliary compensation cycles may follow the 
primary compensation in each one of intermittent compensating cycles, the provisional value Up obtained in 
each auxiliary compensating cycle is compared with the final compensating value Uf of the primary compen- 

so sation to determine the final compensating value Uf of each auxiliary compensation cycle. 

In the third form of the first intermittent compensating mode in which the auxiliary compensation follows 
the primary compensation, the auxiliary compensation cycle following the primary compensation in each in- 
termittent compensating cycle may be repeated up to a moment immediately before the commencement of 
the next primary compensation. This arrangement gives a considerable work load to the control device 20. 

55 The above problem may be solved by providing a suitable maximum number S to which the number of the 

auxiliary compensation cycles to be repeated following each primary compensation is limited. That is, the ser- 
ies of auxiliary compensation is terminated when the counted number of the auxiliary compensation cycles 
repeated or the counted number of the f inal compensating values Uf determined has reached a predetermined 



21 



EP 0 665 481 A2 



10 



15 



20 



25 



30 



35 



value. In this arrangement, the moment of termination of the auxiliary compensate .s fixed I with respec to 
the moment of termination of the corresponding primary compensation, and an une> ^ cted <^ 
measured values X may occur after the termination of the auxiliary compensate and before the commence- 
ment of the next intermittent compensation cycle (next primary compensation). There ore, the arrangement is 
not necessarily satisfactory to adequately deal with such change in the measured values X 

The above drawback may be solved by an arrangement in which the final compensating value Uf ob amed 
in the first auxiliary compensation cycle is not applied to the automatic sizing device 14 if the value Uf falls 
within a tolerable range, as described above by reference to Fig. 23 with respect to the standard or normal 
compensation (equivalent to the primary compensation). Namely, the final compensating value Uf determined 
in a subsequent auxiliary compensation cycle is sent to the sizing device 14 to effect the auxiliary compensa- 
tion if the value Uf in question is a considerably large value outside the tolerable range. 

The above arrangement is still unsatisfactory in some situations, in terms of the timing of the primary and 
auxiliary compensations relative to the time of a change in the measured values X. In this respect, the arrange- 
ment in question may be improved if modified as follows. In the modified form, the number of the final com- 
pensating values Uf obtained in a series of auxiliary compensation cycles executed following each primary 
compensation is counted, and the final compensating values Uf of the primary compensation and the series 
of auxiliary compensation cycles are summed up when the counted number has become equal to a predeter- 
mined value If the sum is not substantially zero or not sufficiently close to zero, the auxiliary compensat.on 
is terminated If the sum is sufficiently close to zero, this indicates that the series of auxiliary compensat.on 
cycles so far would not be considered adequate in terms of the timing of implementation. In this event, the 
counter to count the number of the values Uf of the auxiliary compensation cycles is reset, and further auxiliary 
compensation cycles are implemented. , 

When the first intermittent compensating mode is selected in the present embodiment, the control device 
20 is placed in one of two operating states, namely, a first state in which only the primary compensation is 
effected as indicated in Fig. 25, and a second state in which both the primary compensation and the auxiliary 
compensation are effected as indicated in Fig. 26. The first and second states are selectively established by 
a command entered by the operator. Namely, the second state is established by an AUXILIARY COMPENSA- 
TION command, and the first state is established when the AUXILIARY COMPENSATION command is not 
present. 

Further, the auxiliary compensation cycle is either executed once or repeated two or more times following 
each primary compensation, depending upon a command also entered by the operator. 

When the auxiliary compensation cycle is repeated, the tolerable range as described above may or may 
not be provided to determine whether the final compensating value Uf obtained in the first auxiliary compen- 
sation cycle should be sent to the sizing device 14 or not. The tolerable range is provided when a TOLERABLE 
RANGE command entered by the operator is present, and not provided when an AUXILIARY COMPENSATION 
CYCLING command also entered by the operator is present. In the latter case, the auxiliary compensation cy- 
cle is repeated a predetermined number of times, and the compensating value Uf determined in each cycle is 
sent to the sizing device 14, irrespective of whether the value Uf is within the tolerable range or not. 



40 II. SECOND INTERMITTENT COMPENSATING MODE 

In the first intermittent compensation mode, the values X used for the compensation (primary compensa- 
tion) are not measured and stored immediately after the determination of the compensating value Ui, until the 
first workpiece influenced by the compensating value Ui has been measured by the measuring device 16, if 

45 there is a measurement delay corresponding to the number Y of the pre-measured workpieces between the 
grinding machine 10 and the measuring device 16. Consequently, the compensating interval between the mo- 
ments of determination of the last and present compensating values Ui-1 and Ui is a sum of the measurement 
delay time (dead time value MS) and the time required to obtain a predetermined number of measured values 
X. Therefore, the compensating interval tends to be relatively lone;, particularly where the grinding system is 

so adapted to have a relatively large number of pre-measured workpieces between the machine 10 and the meas- 
uring device 16. 

The second intermittent compensating mode is provided to solve the above drawback of the first intermit- 
tent compensating mode. In the present second mode, as schematically illustrated in the graph of Fig. 27, each 
automatic compensating interval or cycle begins with the commencement of the storing of the measured values 
55 X and ends with the d termination of the present automatic compensating value Ui. During each automatic 
compensating interval or cycle, the last automatic compensating value Ui-1 is added to the diameter value X 
of each workpiece W which is measured by the post-process measuring device 16 during an X-shift period 
that ends at the moment when or shortly before or after the measurement of the workpiece immediately pre- 
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ceding the first workpiece influenced by the last compensating value Ui-1 is completed. Namely, it is assumed 
that the first workpiece influenced by the last compensating value Ui-1 is measured during each automatic 
compensating cycle. Each sum of the last compensating value U-1 and the actually measured value X, which 
is obtained during the X-shif t period is used as an estimated value X which is stored in the memory. That is, 

5 these estimated values X are the diameter values X of the workpieces which are expected if those workpieces 
were ground under the influence of the last compensating value Ui-1 and measured by the measuring device 
1 6. In other words, each time the workpiece is measured during the X-shif t period, a value X of that workpiece 
if ground under the influence of the last compensating value Ui-1 is estimated on the basis of the last com- 
pensating value Ui-1 and the actually measured value X. Thus, the actually measured values X are adjusted 

10 or shifted by the amount equal to the last compensating value Ui-1, and the adjusted values X are stored as 
the estimated values in the memory for determining the present compensating value Ui. After the first work- 
piece W influenced by thelast compensating value Ui-1 is measured, the shifting value is zeroed, that is, the 
actually measured values X are stored without shifting by the last compensating value Ui-1. This shifting of 
the actually measured values X will be described in detail by reference to the flow chart of Fig. 30. 

15 In this second intermittent compensating mode, too, auxiliary compensation as described with respect to 

the first intermittent compensation mode is available following each primary compensation, as indicated in the 
graph of Fig. 28. The number of the auxiliary compensation cycles may be suitably determined. Further,..the 
tolerable range may or may not be used for the primary and auxiliary compensation cycles. 

The first and second intermittent compensating modes are selectively established. Namely, the second 

20 mode is selected when an X-S HI FT command entered by the operator is present. When this X-SHIFT command 
is not present, the first mode is selected. 

In the present embodiment, the RAM of the control device 20 has first and second calculation data mem- 
ories which are used in the first and second intermittent compensating modes, respectively. These two calcu- 
lation data memories are cleared at different times, as described below in detail. 

25 There will next be described a relationship between the automatic adjustment or compensation of the ref- 

erence values of the automatic sizing device 14 by the control device 20, and the manual adjustment or com- 
pensation through the keyboard 50 by the operator. 

The control device 20 controls the automatic sizing device 14 such that the manual adjustment of the sizing 
device 14 if commanded by the operator is predominant over the automatic adjustment. In each automatic com- 

30 pensating cycle which begins with the commencement of storage of the measured values X and ends with the 
determination and transmission of the compensating value U, the control device 20 makes a decision as to 
whether manual adjustment of the sizing device 14 is commanded or required. This decision is made in steps 
S1 0 and S20 in the flow chart of Fig. 4B, when the post-process measuring device 1 6 does not have any meas- 
ured values X f that is, immediately after all measured values X have been supplied from the post-process 

35 measuring device 16 to the control device 20, and in steps S67, S76 and S83 in the flow chart of Fig. 8A, 8B 
and 8C, immediately after the compensating value U has been determined by the control device 20 and im- 
mediately before the value U is sent to the automatic sizing device 14. If the manual adjustment is commanded, 
the manual compensating value entered through the keyboard 50 is sent from the automatic sizing device 14 
to the control device 20. 

40 The present embodiment of the feedback compensating apparatus is adapted such that upon commanding 

of a manual adjustment of the automatic sizing device 1 4 during automatic compensation by the control device 
20, the measured values X of the workpieces stored before the generation of a manual compensation command 
are also taken into account or effectively utilized for the determination of the present compensating value Ui 
by the control device 20. That is, the automatic adjustment of the sizing device 14 by the control device 20 

45 will not be interrupted or terminated even after the manual compensation command is generated, and the au- 
tomatic adjustment is performed in the manner as described below. 

There are two different cases in terms of a time relationship between the moment of generation of a manual 
compensation command during an automatic compensating cycle and the moment at which an influence of 
the last automatic compensating value Ui-1 first appears on the actually measured value X of the workpiece 

so during the same automatic compensating cycle. The two cases are illustrated in Figs. 29A and 29B wherein 
each rectangular block represents an automatic compensating interval or cycle, in the first case of Fig. 29A, 
the influence of the last automatic compensating value Ui-1 first appears on the actually measured value X 
after a manual compensation command (whose value is indicated at U') is generated, and then an influence 
of the manual compensating value U' appears on the actually measured value X. In the second case of Fig. 

55 29B, the influence of the last automatic compensating value Ui-1 appears on the actually measured value X 
befor generation of the manual compensation command, and the influence of the manual compensating value 
U' appears thereafter. 

When a manual compensating command is generated during a given automatic compensating cycle, the 
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measured values X of the workpieces which have been stored in the control device 20 are ad justed or ^stof tod 
described in detail while the X-shif t command as described above is present, estimated values X are obta ned 
by adZ L fas a ut0 matic compensating valu^ 

machine 10) to the measured values already stored in the control device 20, irrespective of whether e manual 
Compensation command is present or not. When a manual compensation command . generated^ est.mat- 
edTalues X are further adjusted or shifted by the amount equal to the manual compens ^"8 ^ U • N"^ 
the already measured and stored values X are shifted or changed by the total amount equal to the sum of the 
last or currently effective automatic compensating value Ui-1 and the manual compensate value U . 

In the case of Fig. 29A, upon generation of a manual compensation command, the manual compensating 
value U' is added to each of the estimated values X which have been obtained and stored prior to the generation 
of the manual compensation command. Since each estimated value X is equal to the sum of the actually meas- 
ured and stored value X and the last automatic compensating value Ui-1, the addition of the manual compen- 
satino value U 1 to the already stored estimated value X results in the finally shifted or adjusted value X (updated 
estimated value) which is equal to the sum of the actually measured value X, last automatic compensating 
value Ui-1 and manual compensating value U'. . w 

In the second case of Fig. 29B, too, the manual compensating value U' is added to each of the values X 
which have been already stored prior to the generation of the value U\ More specifically, the manual compen- 
sating value U* is added to each estimated value X (= measured value X + last automatic compensating value 
Ui+1) which is obtained during the period which ends when the influence of the last automatic compensating 
value Ui-1 appears on the actually measured value X. Further, the manual compensating value U is added to 
each value X which is measured during the period which ends when the manual compensation command is 
qenerated In this respect, it is noted that the actually measured values X obtained in the former period do not 
reflect the influence of the last automatic compensating value Ui-1 and are therefore adjusted or shifted by 
the amount equal to (Ui-1 ) + U' to obtain the final estimated values X. On the other hand, the actually measured 
values X obtained in the latter period reflect the influence of the automatic compensating value Ui-1, and are 
shifted by the amount equal to U" to obtain the final estimated values X. 

As a result of the adjustment or shifting of the actually measured values X as described above, the already 
stored moving average values P and first and second derivatives T and D are accordingly adjusted in a routine 
as illustrated in the flow chart of Fig. 31 which will be described. 

After the actually measured and stored values X have been adjusted or shifted upon generation of the 
manual compensation command as described above, the measured values X obtained from time to time during 
the remaining period of the automatic compensating cycle are processed as described below. 

In the first case of Fig. 29A, estimated values X are obtained by: (a) adding the last automatic compen- 
sating value Ui-1 and manual compensating value U' to the actually measured values X. during a period be- 
tween the generation of the manual compensation command and the moment at which the influence of the 
last automatic compensating value Ui-1 first appears on the measured value X; and (b) adding only the manual 
compensating value U' to the actually measured values X, during a period between the moment at which the 
influence of the value Ui-1 first appears on the measured value X and the moment at which the influence of 
the manual compensating value U' first appears on the measured value X. After the influence of the manual 
compensating value U* first appears on the actually measured value X. the actually measured values X are 
stored in the second calculation data memory of the control device 20 without any adjustment. 

In the second case of Fig. 29B, estimated values X are obtained by adding only the manual compensating 
value U' to the actually measured values X, during a period between the generation of the manual compen- 
sation command and the moment at which the influence of the manual compensating value U' first appears 
on the actually measured value X. After the influence of the value U' appears on the actually measured value 
X, the actually measured values X are stored without any adjustment. 

The adjustment of the actually measured values X after the generation of the manual compensation com- 
mand is performed in a routine as illustrated in the flow chart of Fig. 30. 

The first and second calculation data memories of the RAM of the control device 20 for storing data in the 
first and second intermittent compensation modes are cleared at different times as described below. 

The first calculation data memory used in the first intermittent compensation mode is cleared each time 
a manual compensation value is entered through the keyboard 50 or an automatic compensation value is trans- 
mitted from the control device 20 to the automatic sizing device 1 4. Further, the data memory is cleared during 
a period between the moment of transmission of the last automatic compensating value U and the moment of 
completion of the measurement of the first workpiece influenced by the last automatic compensating value, 
that is, while the WORKPIECE WAIT flag is held ON. On the other hand, the second calculation data memory 
used in the second intermittent compensating mode is cleared when a first manual compensating value is en- 
tered, but not each time a manual compensating value is entered. This data memory is cleared each time an 
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automatic compensating value is transmitt d from the control device 20, and is not cleared while the WORK- 
PIECE WAIT flag is ON. 

Generally, the reference values preset in the automatic sizing device 14 which correspond to the nominal 
diameter values of the journals 28 of the workpiece W (crankshaft 26) are adjusted on a regular basis or upon 

5 replacement of worn pairs of contact probes of the measuring heads 12 of the in-process measuring device 
1 2 with new ones. This adjustment or calibration is made on the basis of output signals of the in-process meas- 
uring heads 12 when a master workpiece whose journals 28 have the nominal diameter values is measured 
by the measuring heads 12. For instance, the electrical characteristics of the automatic sizing device 14 are 
adjusted with the contact probes of the measuring heads 12 held in contact with the master workpiece, so that 

10 the automatic sizing device 1 4 generates a signal to terminate the grinding operation on the workpiece W. Usu- 
ally, the tendency of change in the dimensions of the workpieces 26 ground by the grinding machine 1 0 differs 
before and after the calibration of the automatic sizing device 14. To confirm the tendency of the dimensional 
change of the workpieces after the calibration of the device 14, a test grinding operation is performed on some 
number of workpieces, and the dimensions of the test-ground workpieces are checked at a checking station 

15 provided between the machine 10 and the post-process measuring device 16. The reference values of the au- 
tomatic sizing device 14 are manually adjusted on the basis of the dimensions of the test-ground workpieces. 
In view of this manual adjustment, the first calculation data memory used in the first intermittent compensation 
mode is adapted to be cleared each time a manual compensating value is entered through the keyboard 50, 
and the automatic compensation in this mode is interrupted until an influence of the manual compensating 

20 value appears on the workpiece actually measured by the post-process measuring device 16. 

However, a manual compensating value is not always entered after the calibration of the automatic sizing 
device 14. That is, manual compensation of the device 14 may be found unnecessary after the test grinding 
operation. In this case, the first calculation data memory is not cleared even after the calibration of the device 
14. For improving the accuracy of automatic compensation of the device 14, therefore, it is desirable to clear 

25 the data memory also when the device 14 is not manually adjusted after its calibration. To this end, the control 
device 20 should receive from the automatic sizing device 14 information indicative of the calibration of the 
device 14 as well as the manual compensating value U\ 

While the features of the compensating routine of Fig. 1 0 for feed-back adjusting the automatic sizing de- 
vice 14 have been briefly explained, the compensating routine will be discussed in detail referring to the flow 

30 charts of Figs. 4-9. 

Initially, step S1 of Fig. 4A is implemented to read in from the auxiliary memory 22 various manually entered 
parameters in the form of numerical values and control commands necessary to execute the compensating 
routine. The numerical values include initial values of the weighting coefficients b for obtaining the moving aver- 
age P; a value representative of the maximum number Z of the measured values X usable as the moving aver- 

35 age values P to obtain one first derivative value T in the "substitution averaging method"; and a value repre- 
sentative of the maximum number S of repetition (which will be described) of the auxiliary compensation cycles 
following the primary compensation. The commands represented by the manually entered parameters include 
the SPECIAL AVERAGING command, X-SHIFT command, GRADUAL COMPENSATION command, SPECIAL 
DIFFERENTIATION command, AUXILIARY COMPENSATION command, and other commands entered by the 

40 operator. 

Step S1 is followed by S2 to determine whether the automatic sizing device 14 has the function of trans- 
mitting from its RAM to the control device 20 currently effective manual compensating values entered through 
the keyboard 50, and the reference values of the sizing device 14 as adjusted by these manual compensating 
values. As explained above, the reference values indicate the in-feed amounts of the grinding wheels 30 with 

45 respect to the two end journals 28. If the grinding system in question does not have this function, the manual 
compensating values and the related reference values are stored only in the RAM of the device 14, and the 
device 14 is not capable of transmitting these data to the control device 20. 

For illustrative purpose, it is assumed that the sizing device 14 in this present embodiment has the above 
function. Therefore, an affirmative decision (YES) is obtained in step S2, and the control flow goes to step S3 

so in which the control device 20 is enabled to receive from the sizing device 14 data or signals indicative of the 
currently effective manually adjusted reference values for the two end journals 28. The received data are stored 
in the RAM of the control device 20, and also in the auxiliary m mory 22. 

Step S3 is followed by step S4 to determine whether any manual compensating values have been entered 
through the keyboard 50 or not. This determination is effected based on the state of a MANUAL COMPENSA- 

55 TION flag provided in th RAM of the sizing device 14. If a negative decision (NO) is obtained in step S4, the 
control flow goes directly to step S8 of Fig. 4B which will be described. If an affirmative decision (YES) is ob- 
tained in step S4 f step S5 is implemented to receive currently effective manual compensating values (for the 
two end journals 28) transmitted from the sizing device 14. The received data are stored in the RAM of the 

25 
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control device 20 and the auxiliary memory 22. Step S5 is followed by step S6 to clear th^c^llon 
data memories of the control device 20 for the first and second intermittent compensat.on modes. Then, the 

C °Tt^ not provided with the f uncticn of transmitting the manual compensating data 

to the control device 20, a negative decision (NO) is obtained in step S2, and step S7 is implemented whereby 
he control device 20 is enabled to read in from the RAM of the sizing device 14 the currently effec .ve reference 
values. These reference values are stored in the RAM of the control device 20 and in the aux.l.ary memory 

22 * There will be described the purposes of the control device 20 of storing the currently effective manual com- 
pensating values and the corresponding reference values currently set in the automatic sizing device 14 

The purpose of the control device 20 to store the currently effective reference values w.ll be first described. 

As explained above, the control device 20 is adapted to automatically determine the automatic compen- 
sating values U by which the currently effective reference values of the sizing device 14 are adjusted or 
changed. On the other hand, the sizing device 14 adjusts the reference values according to the compensating 
values U received from the control device 20. However, the sizing device 14 has a permissible range of the 
reference values. That is, the sizing device 14 cannot operate to control the grinding machine 10 and is adapted 
to be stopped, if the reference values are outside the permissible range. Therefore, the control device 20 is 
adapted to inhibit the application or transmission of the automatic compensating values U to the sizing device 
14 if the reference values as adjusted by the compensating values U do not fall within the permissible range. 
To'this end the control device 20 should know the currently effective reference values of the sizing device 14 
as determined by the manually entered compensating values. The operation to inhibit the transmission of the 
automatic compensating values U is performed according to a suitable routine, which is not shown as the un- 
derstanding of this routine is not essential to understand the principle of the present invention. 

Then, the purpose of the control device 20 to store the manually entered compensating values will be de- 

SCnb As described above, when the X-SHIFT command is entered by the operator, the values X which would 
reflect the reference value as adjusted by the last compensating value Ui-1 are estimated on the basis of the 
values X of the workpieces which are measured by the measuring device 16 after the application of the last 
compensating value Ui-1 but which have not been influenced by the last compensating value Ui-1. As also 
described above, the estimated values X are obtained by adding the last automatic compensating value Ui-1 
to the actually measured values X. When a manual compensating value is entered by the operator, however, 
the estimated values X are obtained by adding the manual compensating value to the actually measured values 
X. so that the estimated values X reflect the manual compensating value. For this purpose, the control device 
20 should have the data representative of the currently effective manual compensating value. 

Irrespective of whether or not the sizing device 14 has the function of positively transmitting the manual 
compensation data to the control device 20. step S8 is implemented to determine whether there are any values 
X which have been measured by the device 16 and which have not yet been sent to the control device 20. In 
this respect, it is noted that each workpiece (crankshaft 26) has the seven journals 28 whose diameter values 
X ar measured by the measuring device 16. If no such measured values X are present, a negative decision 
(NO) is obtained in step S8, and step S9 is implemented. 

Step S9 is identical with step S2 described above. If an affirmative decision (YES) is obtained in step S9, 
the control flow goes to step S10 identical with step S4 described above, to determine whether manual com- 
pensating values have been entered or not. If no manual compensating values have been entered, a negative 
decision (NO) is obtained in step S10, and step S11 is implemented to determine whether any parameters have 
been entered by the operator. If a negative decision (NO) is obtained in step S11, the control flow returns to 
step S8. If an affirmative decision (YES) is obtained in step S1 1 , step S1 2 is implemented to read in the entered 
parameter or parameters, and step S1 3 is implemented to replace the already stored parameters with the newly 
entered parameter or parameters. Step S14 is then implemented to clear the first and second first and second 
calculation data memories, and the control flow returns to step SB. 

If an affirmative decision (YES) is obtained in step S10, the control flow goes to step S15 identical with 
step S5. to receive and store the entered manual compensating values. Step S15 is followed by step S16 to 
turn on a WORKPIECE WAIT flag, and step S17 to clear the first calculation data memory. Then, the control 
flow returns to step S140. 

Step S1 40 is provided to adjust or shift the diameter values X, moving average values P and first and sec- 
ond derivative values T and D which have been stored prior to the generation of a manual compensation com- 
mand (prior to the entry of a manual compensating value U'). This adjustment is performed according to a rou- 
tine illustrated in the flow chart of Fig. 31. The routine is initiated with step S501 to determine whether any 
values are stored in the second calculation data memory for the second intermittent compensation mode. If 
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no values are stored, a negative decision (NO) is obtained in step S501, and the control flow returns to step 
S8 of Fig. 4B. If an affirmative decision (YES) is obtained in step S501, the control flow goes to step S502 
and the following steps as described later in detail. 

If the sizing device 14 does not have the function of transmitting the manual compensation data to the 

5 control device 20, a negative decision (NO) is obtained in step S9 t and step S18 is implemented to read in and 
store the currently effective reference values of the sizing device 14. Step S18 is followed by step S39 to read 
in the reference values stored in the auxiliary memory 22. Then, step S20 is implemented to determine whether 
the currently effective reference values are different from the reference values stored in the auxiliary memory 
22, namely, whether the reference values of the sizing device 14 have been changed or not. Thus, a change 

10 in the currently effective reference values of the device 14 can be detected by the control device 20, even if 
the device 14 is not capable of transmitting the manual compensation data to the control device 20. If the cur- 
rently effective reference values of the device 14 are the same as the reference values stored in the memory 
22, a negative decision (NO) is obtained in step S20, and the control flow goes directly to step S21. If the cur- 
rently effective reference values have been changed, an affirmative decision (YES) is obtained in step S20, 

15 and step S21 is implemented to turn ON the WORKPIECE WAIT flag. Step S21 is followed by step S22 to 
clear the first calculation data memory for the first intermittent compensation mode. Then, the control flow 
goes to step S11. 

If any measured value X has not been sent from the measuring device 16 to the control device 20, an af- 
firmative decision (YES) is obtained in step S8, and step S23 is implemented to read in the measured diameter 
20 values X of the seven journals 28 and store them in the first and second calculation data memories of the control 
device 20. The measured values X are also stored in the auxiliary memory 22. Subsequently, the control flow 
goes to step S24 of Fig. 5A. 

In step S24, the control device 20 determines whether the X-SHIFT command to select the second inter- 
mittent compensation mode of Fig. 27 has been entered by the operator. This determination can be made de- 
25 pending upon the parameters entered by the operator. 

If the X-SHIFT command is not present, that is, if the first intermittent compensating mode is selected, a 
negative decision (NO) is obtained in step S24, and step S25 is implemented to determine whether the WORK- 
PIECE WAIT flag is set at "ON". In this case, the first calculation data memory of the RAM of the control device 
20 is used. 

30 If the WORKPIECE WAIT flag is "ON", this means that the post-process measuring device 1 6 has not com- - m 

pleted the measurement of the first workpiece influenced by the currently effective manual or automatic com- 
pensating value. If this flag is "OFF", this means that the first workpiece indicated above has been measured 
by the measuring device 16. This flag is provided in the RAM of the control device 20, and is set to "ON" when 
the control device 20 is initially turned on with power applied. According to a suitable routine (not shown), the 

35 flag is turned "OFF" each time the first workpiece influenced by the currently effective compensating value 
has been measured. The flag is turned "ON" each time the manual compensation or the intermittent adjustment 
of the automatic compensating value U is made according to the present compensating routine. If the WORK- 
PIECE WAIT flag is "OFF", a negative decision (NO) is obtained in step S25, whereby the control flow goes 
to step S26. 

40 In step S26, the control device 20 reads out the stored measured values X from the first calculation data 

memory. Step S26 is followed by step S27 in Fig. 5B to determine whether the calculation of the moving aver- 
age P is possible or nqt, namely, whether the number of the measured values X (for each journal 28) is equal 
to "K" or larger. Please refer to Fig. 22. If the number of the measured values X is smaller than "K", a negative 
decision (NO) is obtained in step S2, and step S2 is implemented to determine whether the SPECIAL AVER- 

45 AGING command for the moving average P is present or not. If the command is not present, the control returns 
to step S8. In this case, the automatic compensating value U is determined to be "0". 

If an affirmative decision (YES) is obtained in step S28 with the SPECIAL AVERAGING command being 
present, step S29 is performed to determine whether the SUB-AVERAGING command for the moving average 
P is present or not. If not, a negative decision (NO) is obtained in step S29, and the control flow goes to step 

so S30. While the SPECIAL AVERAGING command is present, either the SUB-AVERAGING command for the 
sub-averaging calculation of the moving average P or the SUBSTITUTION AVERAGING command for the sub- 
stitution averaging calculation of the moving average P should be present Therefore, if the SUB-AVERAGING 
command is not present, this means that the SUBSTITUTION AVERAGING command is present. 

In step S30, the control device 20 determines whether the substitution averaging is possible or not, namely, 

55 whether the number of the measured values X stored in the calculation data memory is smaller than the dif- 
ference (K - 2). where K represents the number of the measured values X used to calculate the moving average 
P according to the standard or normal averaging method, while Z represents the maximum number of the meas- 
ured values X that can be used as the moving average P to obtain the first derivative T, as indicated in Fig. 
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14 If the number of the stored measured values X is smaller than (K - Z), the substitution averaging to use 
he measured va ue X as the moving average P is not possible, or is inhibited, .f not, the substitution averaging 
s pSe o^e mitted. .n the former case, the control flow returns to step S8 An affirmative decision (YES) 
is eventually obtained in step S30 as the present routine is repeatedly executed (as the number of the stored 
measured v y alueS X increases), whereby step S31 is implemented to determine the last measured value X as 
The moving average P. Step S31 is followed by step S32 to store the value X as the mjnng I average P ,n the 
f irst calculation data memory and the auxiliary memory 22. Then, the control goes to step S37 

Ifthe SUB-AVERAGING command is present, an affirmative decision (YES) is obtained in ste p S29 g step 
S33 is implemented to calculate the moving average P according to the sub-averaging method. Step > S33 is 
followed by step S34 to store the calculated moving average P in the first calculate data memory and the 
auxiliary memory 22. Step S34 is also followed by step S37. 

w7en the number of the measured values X stored in the first calculation data memory h „ reached h 
predetermined value "K» as the present routine is repeated, an affirmative decision (YES) ,s obtamed m step 
S27. and step S35 is implemented to calculate the moving average P for each of the two end journals 28 ac- 

5 cording to the standard method. L . A ■ a hl , 

The operation to calculate the moving average P in step S35 of Fig. 5B will be descnbed in detail, by ref- 

ere TnitiSirsterS201^m F p?emented to read in the weighting coefficients b from the RAM. Step S201 is fol- 
lowed by step S202 to calculate a moving average P for each end journal 28 on the basis of the measured 
20 values X stored in the calculation data memory and the weighting coefficients b. according to the above equa- 

t,0n Then the control flow goes to step S203 to calculate differences between the stored measured values X 
(used for calculating the moving average P) and the calculated moving average P. and calculate a suni of these 
differences, for determining the sum as the variation amount of the measured values X. In this step S203. the 
25 variation amount is stored in the RAM, in relation to the associated weighting coefficients b and moving average 
P Step S203 is followed by step S204 to determine whether the determined variation amount is larger than a 
threshold value A or not. If not, a negative decision (NO) is obtained in step S204. and step S205 is ^P'emented 
to determine the moving average P (calculated in step S202) as an effective moving average P. Step S205 is 
followed by step S206 to store the weighting coefficients b in the RAM. so that these coefficients b are used 
30 for the calculation of the next moving average P. The routine of Fig. 32 is ended with step S206. 

If the vibration level determined in step S203 is higher than the threshold value A. an affirmative decision 
(YES) is obtained in step S204, and the control flow goes to step S207 to change the increase rate orgradient 
of the weighting coefficients b according to a suitable rule. Then, step S208 is implemented to determine wheth- 
er the increase rate has been changed throughout the range defined by the highest and lowest rates as mdi- 
35 cated in the graph of Fig. 38. If not. the control flow returns to step S202. 

In steps S202 and S203. the moving average P and the vibration level are calculated using the weighting 
coefficients b determined in step S207 according to the changed increase rate or gradient. Steps S202-S208 
are repeatedly implemented until a negative decision (NO) is obtained in step S204. namely, until the vibration 
level is lowered to the threshold value A, as a result of change in the increase rate of the weighting coefficients 
40 b Further, as long as the variation amount is larger than the threshold value A, steps S202-S208 are repeated 
until the increase rate of the weighting coefficients b has been changed throughout the range between the 
highest and lowest values, that is, until an aff irmative decision (YES) is obtained in step S208. 

If the affirmative decision (YES) is obtained in step S208, step S209 is implemented to search forthe small- 
est one of the variation amounts stored in the RAM in step S203 (during repeated implementation of steps 
45 S202-S208). The moving average P corresponding to the smallest variation amount is determined as the ef- 
fective moving average P. In the following step S206, the weighting coeff icients b corresponding to the effective 
moving average P (smallest variation amount) are stored in the RAM so that these coeff icients b are used for 
calculating the next moving average P. 

The moving average P calculated in step S35 of Fig. 5B which has been described by reference to Fig. 32 
so is stored in the following step S36, in the first calculation data memory of the control device 20 and in the aux- 
iliary memory 22. Step S3 is followed by step S37. 

Step S37 is provided to determine whether or not the MOVING AVERAGE ADJUSTMENT command is 
present for adjusting the calculated moving average P. If this command is not present, the control flow goes 
to step S39 of Fig. 6A. If the command is present, step S38 is implemented to adjust the moving average P 
55 for each of the two end journals 28 of the workpiece as described above with respect to the third step of Fig. 
20. The thus adjusted moving average P is stored in the first calculation data memory, and the control goes 
to step S39 of Fig. 6A. 

Step S39 is provided to calculate the error value R which is equal to the moving average P minus the nom- 
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inal diameter Ao of the journal 28. Step S39 is followed by step S40 in which the calculated error value R is 
stored in the first calculation data memory and in the auxiliary memory 22. 

Step S40 is followed by step S41 to determine whether the calculation of the first derivative T is possible 
or not, namely, whether the number of the moving average values P stored in the first calculation data memory 
5 is equal to "L" or larger, if the number of the stored moving average values P is smaller than "U\ a negative 
decision (NO) is obtained in step S41 , and the control flow goes to step S52 to determine whether the SPECIAL 
DIFFERENTIATION command is present or not. If this command is absent, the control flow returns to step S8, 
and one cycle of the present routine is terminated. If the command is present, step S43 is implemented to de- 
termine whether the calculation of the first derivative T according to the special differentiation method is pos- 
w sible or not, namely, whether two or more moving average values are stored in the first calculation data memory 
or not. If a negative decision (NO) is obtained in step S43, the control flow returns to step S8. If an affirmative 
decision (YES) is obtained in step S43, step S44 is implemented to calculate the first derivative T according 
to the special differentiation method. Step S44 is followed by step S45 to store the calculated first derivative 
T in the first calculation data memory of the control device 20 and in the auxiliary memory 22. Then, the control 
15 flow goes to step S48 of Fig. 6B. 

When the number of the stored moving average values P has increased to "L" as a result of repeated exe- 
cution of the present routine, an affirmative decision (YES) is obtained in step S41, and step S46 is imple- 
mented to calculate the first derivative T according to the standard method, using the predetermined number 
L of the moving average values P. Then, step S47 is implemented to store the calculated first derivative in the 
20 calculation data memory and auxiliary memory 22. Step S47 is followed by step S48. 

Step S48 is provided to determine whether the SECOND DERIVATIVE USE command which requires the 
use of the second derivative D to calculate the compensating value U is present or not. If this command is pres- 
ent, an affirmative decision (YES) is obtained in step S68, and step S49 is effected to determine whether the 
calculation of the second derivative D is possible or not, namely, whether the number of the first derivative 
25 values T stored in the first calculation data memory is equal to "Q" or larger. If the number of the stored first 
derivative values T is smaller than "Q", a negative decision (NO) is obtained in step S49, and the control flow 
returns to step S8, whereby one cycle of the present routine is terminated. When the number of the stored 
first derivative values T has increased to the predetermined value "Q" as a result of repeated execution of the 
present routine, an affirmative decision (YES) is obtained in step S49, and the control flow goes to step S50 
30 to calculate the second derivative D, and S51 to store the calculated second derivative D in the first calculation 
data memory and auxiliary memory 22. The control then goes to step S55. 

If the SECOND DERIVATIVE USE command is not present, a negative decision (NO) is obtained in step 
S48, and the control flow goes to step S52 to determine whether there is present the DEAD TIME COMPEN- 
SATION command which requires the compensating value U to be determined depending upon the dead time 
35 value MS which corresponds to the number Y of the pre-measured workpieces existing between the machine 
10 and the post-process measuring device 16. If this command is absent, a negative decision (NO) is obtained 
in step S52, and the control goes directly to step S55. If the command is present, step S53 is implemented to 
read in the dead time value MS from the workpiece counter 18. Then, step S54 is implemented to store the 
dead time value MS in the first calculation data memory and auxiliary memory 22. 
40 Referring to the flow chart of Fig. 33, the fuzzy inference operation to calculate the provisional compen- 

sating value U in step S55 of Fig. 6B will be described in detail. 

Initially, step S301 is implemented to read in an NB/PB flag from the RAM of the control device 20. When 
this NB/PB flag is set at "OFF", it indicates that the vibration level of the measured values X is sufficiently low. 
When the NB/PB flag is set at "ON", it indicates that the vibration level is higher than an upper limit. The NB/PB 
45 flag is reset to "OFF" when the control device 20 is turned on, and updated in steps S65 and S70 which will 
be described by reference to the flow chart of Fig. 34. Step S301 is followed by step S302 to determine whether 
the NB/PB flag is set at "ON" or not. If the flag is currently set at "OFF", a negative decision (NO) is obtained 
in step S302, and the control flow goes to step S303 to calculate the provisional compensating value U by fuzzy 
inference using the positive fuzzy rules as indicated in TABLE 9 by way of example. Thus, the operation in 
so step S55 of Fig. 6B is terminated. 

If the NB/PB flag is set at "ON", an affirmative decision (YES) is obtained in step S302, and step S304 is 
executed to calculate the provisional compensating value U by fuzzy inference using the negative fuzzy rules 
as indicated in TABLE 10 by way of example. Thus, the operation in step S55 is terminated. 

In the present embodiment, the fuzzy rules. used for the fuzzy inference are changed from the positive 
55 fuzzy rules to the negative fuzzy rul s immediately after the NB/PB flag is changed from "OFF" to "ON", and 
from the negative fuzzy rules to the positive fuzzy rules immediately after the NB/PB flag is changed from 
"ON" to "OFF". However, it is possible to consider the hysteresis of the NB/PB flag, in determining the timing 
at which the positive and negative fuzzy rules are interchanged. For instance, the control device 20 is adapted 
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to inhibit the use of the negative fuzzy rules even when the NB/PB flag has been c hangec ' ^om "OFF" to W 
and allow the use of the negative fuzzy rules only after the number of cycles in which the NB/PB flag,.s set at 
ON has reached a pred etermi ned value. This arrangement is effective to avoid unstable determination of he 
p?ovisiona. compensating value U due to frequent interchange between the positive and negative fuzzy rules 
and consequent hunting of the measured values X. 

Step S55 is followed by step S56 to store the calculated provisional compensating value U in the first cal- 
culation data memory and auxiliary memory 22. Step S56 is followed by step S57 of Fig. 7. 

Step S57 is provided to determine whether the GRADUAL COMPENSATION command which requires he 
calculated provisional compensating value U to be adjusted into the final compensating value U « s present or 
not. If this command is not present, a negative decision (NO) is obtained in step S57. and step S5 *i ^s imple- 
mented to determine the provisional compensating value U as the final £ u ^^"^ 
S59 is implemented to store the final compensating value U - in the auxiliary memory 22. If the • GRAD"" COM 
PENSATION command is present, an affirmative decision (YES) is obtained in step S57, and step S60 ,s im- 
plemented to determine whether the calculation of the final compensating value U* is possible or not. namely, 
, whether the number of the provisional compensating values U stored in the first calculation data memory ,, s 
equal to "M" or larger. If a negative decision (NO) is obtained in step S60, the control flow returns to step S8 
and one cycle of the present routine is terminated. When the number of the stored provisional compensating 
values U has reached the predetermined value "M" as a result of repeated execution of the present rou ,ne 
an affirmative decision (YES) is obtained in step S60, whereby step S61 is implemented to ca culate the f nal 
o compensating value U* on the basis of the predetermined number M of the stored provisional compensating 
value U. Step S61 is followed by step S62 to store the calculated final compensating value U in the first cal- 
culation data memory and auxiliary memory 22. 

Steps S59 and S62 are followed by step S63 of Fig. 8A to determine whether there is present the AUXIL- 
IARY COMPENSATION command which requires the auxiliary compensation in addition to the primary com- 
s pensation, as illustrated in Fig. 26 by way of example. If this command is absent, a negative decision (NO is 
obtained in step S63. and the control flow goes to step S64 to determine whether the final compensating value 
U* stored in step S59 or S62 should be transmitted to the automatic sizing device 14 or not. namely, whether 
the final compensating value U* is outside the tolerable range or not. If the value U* falls within the tolerable 
range a negative decision (NO) is obtained in step S64, and step S65 is implemented to store in the auxiliary 
30 memory 22 data representative of the fuzzy rule which was applied in step S55 of Fig. 6B to calculate the pro- 
visional compensating value U. Then, the control returns to step S8, and one cycle of the present routine is 

terminated. , , . ' ut . A 

If the final compensating value U* is outside the tolerance range, an affirmative decision (YES) is obtained 
in step S64 and step S66 is implemented to determine whether the automatic sizing device 14 has the function 

35 of transmitting the manual compensation data to the control device 20 or not. If the device 14 has the function, 
an affirmative decision (YES) is obtained in step S66, and the control flow goes to step S67 to determine wheth- 
er any manual compensating value or values to adjust the reference value or values (for one or both of the 
two end journals 28) has/have been entered through the keyboard 50 or not. If no manual compensating value 
has been manually entered into the sizing device 14. a negative decision (NO) is obtained in step S67, and 

40 step S68 is implemented to transmit the final compensating value U* to the sizing device 14. The value U* 
remains stored in the auxiliary memory 22. Then, the control flow goes to step S69 to determine whether the 
AUXILIARY COMPENSATION command is present or not. Since the negative decision (NO) is obtained in step 
S63. the negative decision is also obtained in this step S69, whereby step S70 of Fig. 8C is implemented to 
store the applied fuzzy rule in the auxiliary memory 22, as in step S65. 

45 Referring to the flow chart of Fig. 34. the operation to be performed in steps S65 of Fig. 8A and 70 of Fig. 

8C will be described in detail. 

Initially, step S401 is executed to read in the current count of the NB/PB counter which is adapted to count 
the number of application of the NB/PB fuzzy rules. Step S401 is followed by step S402 to determine whether 
the fuzzy rule applied in step S55 of Fig. 6B is any one of NB/PB fuzzy rules which are defined above with 

so respect to the fifth step of Fig. 1 0. If the fuzzy rule applied in step S55 is not any NB/PB fuzzy rule, a negative 
decision (NO) is obtained in step S402, and the control goes to step S404, skipping step S403. If the fuzzy 
rule applied in step S55 is any one of the NB/PB fuzzy rules, an affirmative decision (YES) is obtained in step 
S402, and step S403 is implemented to increment the NB/PB counter. Step S403 is followed by step S404. 
This step S404 is provided to read in the count of the CYCLE counter adapted to count the number of cycles 

55 of the present routine of Fig. 34. Step S404 is followed by step S405 to increment the CYCLE counter. Then, 
the control flow goes to step S406 to determine whether the current, count of the CYCLE counter is larger than 
a predetermined threshold value "B" or not. If not. a negative decision (NO) is obtained in step S406, and the 
control flow goes to step S407 to store the current counts of the NB/PB and CYCLE counters in the RAM of 
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the control device, and then to step S408 to store the applied fuzzy rule in the auxiliary memory 22. 

When the count of the CYCLE counter has increased to the predetermined threshold value "B" as a result 
of repeated execution of the routine of Fig. 34, an affirmative decision (YES) is obtained in step S406, and the 
control goes to step S409 to determine whether the current count of the NB/PB counter is larger than a pre- 

5 determined threshold value "C" or not If the count is not larger than "C", a negative decision (NO) is obtained 
in step S409, and step S410 is implemented to set the NB/PB flag to "OFF" (change the flag from "ON" to 
"OFF" or maintain the flag at "OFF"). Step S410 is followed by step S411 to reset the NB/PB and CYCLE coun- 
ters to "0". Then, the control goes to steps S407 and S408. If the count of the NB/PB counter exceeds "C", an 
affirmative decision (YES) is obtained in step S409. and step S412 is implemented to set the NB/PB flag to 

w "ON" (change the flag from "OFF" to "ON" or maintain the flag at "ON"). Step S41 2 is followed by steps S411 
and the subsequent steps. 

If any manual compensating values have been entered into the sizing device 14, an affirmative decision 
(YES) is obtained in step S67 of Fig. 8A, and the control flow goes to step S71 to receive the currently effective 
manual compensating values and the corresponding reference values from the sizing device 14, and store 

15 these data. Then, steps S72 and S73 are implemented to turn the WORKPIECE WAIT flag to "ON", and clear 
only the first calculation data memory. The control then returns to step S150. 

Step S150 is identical with step S140. These steps are implemented according to a routine illustrated in 
the flow chart of Fig. 31 . This routine is initiated with step S150 to determine whether the measured values X 
are stored in the second calculation data memory for the second intermittent compensation mode. If an aff ir- 

20 mative decision (YES) is obtained in step S501, the control flow goes to step S502 to determine whether the 
X-SH1FT command is present. If a negative decision (NO) is obtained in step S502, the control flow returns 
to step S8. 

If the sizing device 14 does not have the function of transmitting the manual compensation data to the 
control device 20, a negative decision (NO) is obtained in step S66, and step S74 of Fig. 8B is implemented 

25 to read in the currently effective reference values set in the sizing device 14, and store these reference values 
in the RAM of the control device 20 and in the auxiliary memory 22. Step S74 is followed by step S75 to read 
in from the RAM the last reference values. Then, step S76 is implemented to determine whether the effective 
reference values have been changed in the sizing device 14 which does not have the data transmitting function. 
If a negative decision (NO) is obtained in step S76, the step S68 described above is effected. If an affirmative 

30 decision (YES) is obtained in step S76, the control flow goes to step S72 to turn "ON" the WORKPIECE WAIT 
flag, and to step S73 to clear the first calculation data memory. Then, the control returns to step S8. 

If the AUXILIARY COMPENSATION command is present, an affirmative decision (YES) is obtained in step 
S63 of Fig. 8A, and step S79 is executed to determine whether the auxiliary compensation is in progress, name- 
ly, whether the current count of an AUXILIARY COMPENSATION counter to count the number of the auxiliary 

35 compensation cycles is equal to "1" or larger. If the count of this counter is currently "0", a negative decision 
(NO) is obtained in step S79, the control flow goes to step S64 and the following steps, which include step 
S68 to perform the primary compensation as described above, and step S69 determine whether the AUXILI- 
ARY COMPENSATION command is present. Since this command is present, the AUXILIARY COMPENSA- 
TION counter is incremented in step S80 following step S69. 

40 If the count of the AUXILIARY COMPENSATION counter is "1 " or more, an affirmative decision (YES) is 

obtained in step S79, the control flow goes to step S81 and the following steps of Fig. 8C to effect the auxiliary 
compensation. In step S81 . a difference between the present and last final compensating values U* is obtained 
as an automatic compensating value to be transmitted to the sizing device 14. That is, the present and last 
final compensating values U* correspond to the present and last provisional compensating values Up described 

45 above with respect to the auxiliary compensation in the first intermittent compensation mode. Further, the au- 
tomatic compensating value to be transmitted to the sizing device 14 corresponds to the final compensating 
value Uf described above in connection with the provisional value Up. Step S81 is followed by step S82 to de- 
termine whether the sizing device 114 has the function of transmitting the manual compensation data to the 
control device 20 or not. If the device 14 has the function, an affirmative decision (YES) is obtained in step 

50 S82, step S83 is implemented to determine whether any manual compensating values have been entered in 
the sizing device 14. or not If a negative decision (NO) is obtained in step S83, step S84 is implemented to 
transmit the automatic compensating value Uf obtained in step S81 to the sizing device 1 4. Step S84 is followed 
by step S85 to store in the auxiliary memory 22 the compensating value Uf transmitted to the sizing device 
14. Then, step S86 is effected to increment the AUXILIARY COMPENSATION counter. Step S86 is followed 

55 by step S70 described above. If any manual compensating values have been entered, an affirmative decision 
(YES) is obtained in step S83, the control flow goes to step S87 of Fig. 8B to receive the manual compensating 
values from the sizing device 14, and to step S72 to turn "ON" the WORKPIECE WAIT flag. Then, step S73 
is effected to clear the first calculation data memory. Step S73 is followed by step S150 described above. The 
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control then returns to step S8. ^ m „ a „«. a tinn Hata to the 

If the sizing device 14 does not have the function of transmitting the manua compensating data to the 
control device 20, a negative decision is obtained in step S82, step S74 and the following steps of F,g^ 8B are 
eTe^ZZL^ the automatic compensating values Uf to the sizing device 14 

(NO) is obtained in step S76. In this case, the affirmative decision (YES) is obtained m step S69, and the AUX- 
ILIARY COMPENSATION counter is incremented in step S80. 

sip S70 is followed by step S90 of Fig. 9A to determine whether the AUXILIARY COMPENSATION com- 
mand is present or not. If a negative decision (NO) is obtained in step S90, steps 891 and S92 are ^P'*™"^ 
to turn "ON" the WORKPIECE WAIT flag, and clear the first and second calculation data memories. Step S92 
is followed by step S93 to determine whether the X-SHIFT command is present or not. If this command is ab- 
sent the control returns to step S8. . 

If the AUXILIARY COMPENSATION command is present, an affirmative decision (YES) is obtained in step 
S90. the control flow goes to step S94 of Fig. 9B to determine whether the 9^^°™*^"°**™ 
should be terminated or not. namely, whether the count of the AUXILIARY COMPENSATION counter has be- 
come equal to the predetermined maximum number "S» (which was read in from the auxiliary memory 22 in 
step S1 of Fig. 4A). If the count is smaller than "S", the control returns to step S8. 

When the count of the AUXILIARY COMPENSATION counter has become equal to "S" as a result of re- 
lated execution of the present routine, an affirmative decision (YES) is obtained in step S4. and the control 
flow qoes to step S95 to calculate a sum of at least the compensating values Uf of repeated auxiliary compen- 
sation cycles which follow the primary compensation. Step S95 is followed by step S96 to determine whether 
the auxiliary compensation cycling should be continued or not, namely, whether the sum obtained in step S95 
is substantially "0" or not. If the sum is not substantially "0", a negative decision (NO) is obtained in step S96, 
and steps S97 and S98 are implemented to turn "ON" the WORKPIECE WAIT flag, and clear the first and sec- 
ond calculation data memories. Step S98 is followed by step S99 to determine whether the X-SHIFT command 
is present or not. If a negative decision (NO) is obtained in step S99. the control returns to step S8. 

If the sum obtained in step S95 is substantially "0", an affirmative decision (YES) is obtained in step S96. 
and the control flow goes to step S100 to determine whether the TOLERABLE RANGE « command is present 
or not If the TOLERABLE RANGE command is not present, but the AUXILIARY COMPENSATION CYCLE 
command is present, a negative decision (NO) is obtained in step S100, and step S101 is implemented to set 
the AUXILIARY COMPENSATION counter to "1". Then, the control returns to step S8. In this case, therefore, 
the affirmative decision (YES) is obtained in step S79 of Fig. 8A in the next execution cycle of the present rou- 
tine, and the control flow goes to step S81 and the following steps of Fig. 84C. 

If the TOLERABLE RANGE command is present, an affirmative decision (YES) is obtained in step S100 
of Fig 9B and step S102 is implemented to set the AUXILIARY COMPENSATION counter to "0". Then, the 
control returns to step S8. In this case, the negative decision (NO) is obtained in step S79 in the next execution 
cycle of the present routine, and the control flow goes to step S64 and the following steps of Fig. 8A. 

If step S25 of Fig. 5A is implemented when the WORKPIECE WAIT flag is set at "ON", the affirmative de- 
cision (YES) is obtained in this step S25, whereby the control flow goes to step S1 03 to clear the first calculation 
data memory, and returns to step S8. Consequently, the measured values X stored in the calculation data 
memory in step S23 of Fig. 4B are erased, for example. Therefore the values X and the other values measured 
or calculated immediately after the adjustment of the reference values by the manual or automatic compen- 
sation values are not stored until the WORKPIECE WAIT flag is set to "OFF", that is, until the first workpiece 
influenced by the manual or automatic compensating values has been measured by the measuring device 16. 
In other words, the measured values X. calculated moving average values P and other calculated values begin 
to be stored when the negative decision (NO) is obtained in step S25 with the WORKPIECE WAIT flag set to 
"OFF". 

While the above description refers to the operation of the present embodiment when the the X-SHIFT com- 
mand is absent, there will be described an operation when the X-SHIFT command is present. 

In the presence of the X-SHIFT command for placing the com.ol device in the second intermittent com- 
pensating mode, an affirmative decision (YES) is obtained in step S24 of Fig. 5A. whereby the control flow 
goes to step S104. This step S104 will be described in detail by reference to the flow chart of Fig. 30. 

The routine of Fig. 30 is initiated with step S601 to determine whether an influence of the last compensating 
value (automatic or manual) has appeared on the actually measured diameter value X. If a negative decision 
(NO) is obtained in step S601 . the control flow goes to step S602 to determine whether the last compensating 
value is a manual compensating value U' manually entered through the keyboard 50. If the currently effective 
compensating value is the last automatic compensating value Ui-1, a negative decision (NO) is obtained in 
step S602, whereby step S603 is implemented to determine the last automatic compensating value Ui-1 as 
the present shifting value (by which the actually measured value X is changed or shifted as described above). 
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Thus, one cycle of execution of the routine of Fig. 30 is terminated. 

If the currently effective compensating value is a manual compensating value IT, an affirmative decision 
(YES) is obtained in step s602 t and the control flow goes to step S605 to determine whether an influence of 
the last automatic compensating value Ui-1 has appeared on the actually measured diameter value X. If a neg- 
5 ative decision (NO) is obtained in step S605, the control flow goes to step S606 to determine the sum of the 
last automatic and manual compensating values Ui-1 and U' as the present shifting value. 

If an affirmative decision (YES) is obtained in step S605, then step S607 is implemented to determine the 
last manual compensating value IT as the present shifting value. 

If the influence of the last compensating value has appeared on the actually measured diameter value X, 
w an affirmative decision (YES) is obtained in step S601 , and step S604 is implemented to zero the present shift- 
ing value. 

The determination in steps S601 and S605 is effected to determine the first workpiece which was ground 
under the condition influenced by the last manual or automatic compensating value IT or Ui-1 and which has 
been measured by the post-process measuring device 1 6. This determination is made by comparing the num- 
15 ber of the workpieces measured by the device 16 after the last compensating value U' or Ui-1 is received by 
the automatic sizing device 14, with the number Y of the pre-measured workpieces which exist between the 
grinding machine 10 and the device 16 when the compensating value is received by the device 14. The number 

Y of the pre-measured workpieces, which corresponds to the dead time value MS, is stored in the RAM of the 
control device 20 as described below with respect to step S108 of Fig. 9A. This number Y is decremented each 

20 time one ground workpiece is measured by the device 16. When the number Y is zeroed, the affirmative de- 
cision (YES) is obtained in steps S601 and S605. 

Step S1 04 of Fig. 5A is followed by step S106 to calculate the estimated value X by adding the determined 
shifting value to the actually measured value X and store the estimated value X in the second calculation data 
memory and in the auxiliary memory 22. Step S106 is followed by step S107 to read out the measured values 

25 X already stored in the second calculation data memory. Then, the control flow goes to step S27 and the fol- 
lowing steps of Fig. 5B for calculating a moving average P of the measured values X (estimated values X). 

When the X-SHIFT command is subsequently detected to be present in step S93 of Fig. 9A, the control 
flow goes to step S108 to read out from the workpiece counter 18 the dead time value MS (corresponding- to 
the number Y of the pre-measured workpieces), and the number Y is set in the decrement counter in the RAM 

30 of the control device 20, so that the number Y is used in the next cycle of execution of the routine. The number 

Y is also stored in the auxiliary memory 122. The control then-returns to step S8. 

Similarly, an affirmative decision (YES) is obtained in step S99 of Fig. 9B, and the control flow goes to 
step S109 to read in the dead time value MS (number Y). The number Y is set in the decrement counter of the 
RAM and stored in the memory 22. 

35 Thus, the number Y of the pre-measured workpieces is set when the intermittent compensation for auto- 

matic adjustment is terminated. Further, the number Y is also set when the manual compensation is terminated, 
1 though the manner to set the number Y is not illustrated in the flow charts. For the initial execution of the present 
routine, a predetermined value is stored in the ROM of the control device, as an initial number of the pre-meas- 
ured workpieces to be used in the first cycle of execution of the present routine. 

40 There will be described an operation when a manual compensating value U* is entered after the X-SHIFT 

command is generated. In this case, an affirmative decision (YES) is obtained in step S10 of Fig. 4B or in step 
S67 of Fig. 8A, and the. control flow goes to step S140 or S150, namely, to step S501 of Fig. 31 to determine 
whether the diameter values X are stored in the second calculation data memory for the second intermittent 
compensation mode. If an affirmative decision (YES) is obtained in step S501, step S502 is implemented to 

45 determine whether the X-SHIFT command is present. Since an affirmative decision (YES) is obtained in step 
S502, the control flow goes to step S503. 

In step S503, the present shifting value by which the already stored values X (which have been once shift- 
ed as the estimated values X) are changed or shifted is updated. That is, if the manual compensating value 
is entered before an influence of the last automatic compensating value Ui-1 has appeared on the actually 

so measured value X, as indicated in Fig. 29A, the present shifting value is changed by adding thereto the manual 
compensating value U\ Similarly, the present shifting value is changed by adding thereto the manual com- 
pensating value U* if the manual compensating value is entered after the influence of the last automatic com- 
pensating value Ui-1 has appeared on the actually measured value X, as indicated in Fig. 29B. 

Then, step S504 is implemented to read out the stored measur d values X from the second calculation 

55 data memory, change the read-out values X by adding the updated shifting value thereto, and store the thus 
changed values X in the second calculation data memory. Namely, each of the values X which have been stored 
in the data memory before the implementation of step S504 is changed by the amount equal to the shifting 
value which has been updated in step S503. 
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Then, the control flow goes to step S505 to determine whether the number of the values X store* I in the 

average values P stored before the implementation of step S506 is updated on the basis of the values X updated 

in S T P he S n 5 s1e P s S507 and S508 are implemented similarly to steps S506 and S506, to update the , first deriv- 
atrve values T Step S508 is then implemented todetermine whether the SECOND DERIVATIVE USE command 
Resent f a negative decision (NO) is obtained in step S509, one cycle of execution of the , presen : routine 
to terminated. If an affirmative decision (YES) is obtained in step S509, the control flow goes to steps S510 
and S511 similar to steps S506 and S507, to update the second derivative values D. 

S bTundeStood'from the foregoing description of the illustrated embodiment that the grinding .machine 
10 constitutes one form of the working machine 1 in Fig. 36 while the automat.6 sizing device 14 and the motor 
contX 1 5 constitute one form of th. machine control means 2 in Fig. 36 and that the P"*^ ™~ 
unng device 16 constitutes one form of the measuring device 3 in Fig. 36 It w, also 

portL of the control device 20 assigned to execute the compensating routine of Figs. 4-10 except steps ^64. 
S68 and S84 of Figs. 8A and 8C constitutes one form of the compensating value determ.mng means 4 n Fig. 
f 6 whifelhe portion of the control device 20 assigned to implement the steps S64. S68 and S84 constitutes 
one form of the compensating value applying means 5 in Fig. 36. 

I^the illustrated embodiment of the present invention described above, the feedback compensating ap- 
paratus is adapted to control the automatic sizing apparatus 14 used in the grinding system for gr.nd.ng the 
journals 28 (outer cylindrical surfaces) of the workpiece i'n the form of the crankshaft 26. However the principle 
of the present invention is equally applicable to the feedback compensating apparatus for an , automatic sizing 
device of other working systems such as a honing system adapted to hone the mner cyl.ndr.cal surfaces of 
cylinder bores in cylinder blocks of an engine of a motor vehicle. 

While the present invention has been described in its presently preferred embodiments and some .modi- 
fications thereof, it is to be understood that the present invention may be otherwise embodied, in the hghtof 
the foregoing teachings. 



Claims 



A feedback compensating apparatus for a working system including (a) a working machme (1) for per- 
forming successive working operations on a plurality of workpieces (26), (b) machine control means (2) 
for determining a working condition of the working machine on the basis of an extraneous compensating 
signal and controlling the working machine according to the determined working condition, and (c) a meas- 
uring device (3) for measuring dimensional values of the workpieces processed by the work.ng machine, 
said measuring device being positioned relative to said working machine such that there exist pre-meas- 
ured workpieces which have been processed by the machine and which have not been measured by the 
measuring device, said feedback compensating apparatus including compensating value determining 
means (4) for determining an automatic compensating value as said extraneous compensating signal for 
the workpieces to be processed next, on the basis of a plurality of said dimensional values which have 
been measured by said measuring device and stored in memory means, and compensating value applying 
means (5) for applying the determined automatic compensating value to said machine control means, said 
apparatus being characterized in that: 

said compensating value determining means (4) is operable in an automatic compensation mode 
in which each automatic compensating cycle begins with commencement of the storing in said memory 
means (20) of said dimensional values of the workpieces (26) measured by said measuring device (3) 
and ends with determination of a present automatic compensating value (Ui), and in a manual compen- 
sation mode in which a manual compensating value (IT) is determined also as said extraneous compen- 
sating signal in response to and on the basis of a manual compensation command entered by an operator 
of said working system; 

said compensating value determining means (4) includes a first and a second operating state which 
are selectable in said automatic compensation mode, said compensating value determining means op- 
erating in said first operating state to determine said present automatic compensating value (Ui) on the 
basis of a plurality of first estimated dimensional values of the workpieces which are stored in said memory 
means in said automatic compensating cycle, each of said first estimated dimensional values being ob- 
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tained by adding a last compensating value (IT) to the dimensional value (X) of the corresponding work- 
piece which is measured by said measuring device, on an assumption that said corresponding workpiece 
is processed under the working condition influenced by said last compensating value, said compensat 
ing value determining means operating in said second operating state to determine said present automatic 
compensating value on the basis of a plurality of second estimated dimensional values of the workpieces 
which are stored in said memory means in said automatic compensating cycle, each of said second es- 
timated dimensional values being obtained by adding a sum of said last compensating value (IT) and a 
previous compensating value (Ui-2, Ui-1) immediately preceding said last compensating value, to the di- 
mensional value (X) of the corresponding workpiece which is measured by said measuring device; and 
said compensating value applying means (5) applies said present automatic compensating value 
and said manual compensating value to said machine control means (2). 

A feedback compensating apparatus according to claim 1, wherein when said manual compensation com- 
mand is generated in a present automatic compensating cycle, said compensating value determining 
means (4) terminates said present automatic compensating cycle, determines said manual compensating 
value (IT), and then starts a new automatic compensating cycle, and wherein where said new automatic 
compensating cycle is such that an influence of a previous automatic compensating value (Ui-2) deter- 
mined in a previous automatic compensating cycle immediately preceding said present automatic com- 
pensating cycle appears on the measured dimensional values of the processed workpieces before an in- 
fluence of said manual compensating value (IT) appears on said measured dimensional values, so that 
said new automatic compensating cycle consists of a first period from a beginning thereof to a first mo- 
ment at which the influence of said previous automatic compensating value (Ui-2) as said previous com- 
pensating value appears on said measured dimensional values, a second period from said first moment 
to a second moment at which the influence of said manual compensating value (U*) as said last compen- 
sating value appears on said measured dimensional values, and a third period from said second moment 
to an end of said new automatic compensating cycle, said compensating value determining means (4) 
operates to obtain said second estimated dimensional values by adding a sum of said previous automatic 
compensating value (Ui-2) and said manual compensating value (U') to each of the dimensional values 
(X) of the workpieces which are measured in said first period, said compensating value determining means 
further obtaining said first estimated dimensional values by adding only said manual compensating valu 
(U*) to each of the dimensional values of the workpieces which are measured in said second period, said 
compensating value determining means storing in said memory means said first and second estimated 
dimensional values, and the dimensional values of the workpieces which are measured by said measuring 
device (3) in said third period. 

Afeedback compensating apparatus according to claim 1, wherein when said manual compensation com- 
mand is generated in a present automatic compensating cycle, said compensation value determining 
means (4) continues said present automatic compensating cycle in which said present automatic auto- 
matic compensating value (Ui) is determined on the basis of the dimensional values of the workpieces 
measured by said measuring device (3) prior to the generation of said manual compensation command 
as well as the dimensional values of the workpieces measured after the generation of said manual com- 
pensation command. 

A feedback compensating apparatus according to claim 3, wherein where said present automatic com- 
pensating cycle is such that an influence of a previous automatic compensating value (Ui-1) determined 
in a previous automatic compensating cycle immediately preceding said present automatic compensating 
cycle appears on the measured dimensional values of the processed workpieces before an influence of 
said manual compensating value (U') appears on said measured dimensional values, so that said present 
automatic compensating cycle consists of a first period from a beginning thereof to a first moment at which 
the influence of said previous automatic compensating value (Ui-1) as said previous compensating value 
appears on said measured dimensional values, a second period from said first moment to a second mo- 
ment at which the influence of said manual compensating value (U*) as said last compensating value ap- 
pears on said measured dimensional values, and a third period from said second moment to an end of 
said new automatic compensating cycle, said compensating value determining means (4) operates to ob- 
tain said second estimated dimensional values by adding a sum of said previous automatic compensating 
value (Ui-1) and said manual compensating value (U f ) to each of the dimensional values (X) of the work- 
pieces which are measured in said first period, said compensating value determining means further ob- 
taining said first estimated dimensional values by adding only said manual compensating value (U*) to 
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each of the dimensional values of the workpieces which are measured in sad second period sj*d com- 
pensat ng va.ue determining means storing in said memory means said f.rst and secon £ 
mensional values, and the dimensional values of the workpieces which are measured by sa.d measunng 

device (3) in said third period. 

A feedback compensating apparatus according to any one of claims 1-4 wherein sa id working , system 
further includes an in-process measuring device (12) for measuring the d.n»n»iri 
oieces while the workpieces are being processed by said working machine (1). as well as a post-process 
Measuring device (16 44) as said measuring device (3). and wherein said machine control means (2) ,n- 
Ides an automat c sizing device (1 4) for terminating the working operation on each workp.ece (26) when 
me dTmensiona. value of said each workpiece measured by said in-process measunng , devjce reache a 
reference value, said apparatus comprising a controller (20) incorporate sa.d compensating value de 
termininq means (4) and said compensating value applying means (5). 

said compensating value determining means (4) being connected to said P° st -P roce f^ 
device (1 6. 44). and said compensating value applying means (5) being connected o sa.d a^ma c sizing 
device (14) to apply the determined automatic or manual compensat.ng value (Ui. U ) to said automatic 
sizinq device to adjust said reference value, and 

said compensating value determining means (4) determining said automatic compensating value 
(Ui) on the basis of at least an error value (R) of the dimensional value (X) measured by said post- 
processing measuring device with respect to a nominal value (Ao). 

Amethod of processing a plurality of workpieces (26) by a working system including (a) a working machine 
(1) for performing successive working operations on a plurality of workpieces (26), (b) machine control 
means (2) for determining a working condition of the working machine on the basis of an extraneous com- 
pensating signal and controlling the working machine according to the determined working cond.uon, and 
(c) a measuring device (3) for measuring dimensional values of the workpieces processed by the working 
machine, said measuring device being positioned relative to said working machine such that there exist 
pre-measured workpieces which have been processed by the machine and which have not been meas- 
ured by the measuring device, said method comprising the steps of (i) determining an automatic compen- 
sating value as said extraneous compensating signal for the workpieces to be processed next, on the ba- 
sis of a plurality of said dimensional values which have been measured by said measuring device and 
stored in memory means, (ii) determining a manual compensating value also as said extraneous com- 
pensating signal in response to and on the basis of a manual compensation command entered by an op- 
erator of the working system, and (iii) applying the determined automatic compensating value and manual 
compensating value to said machine control means, said method being characterized in that: 

said step of determining an automatic compensating value comprises successive automatic com- 
pensating cycles each of which begins with commencement of the storing in said memory means (20) of 
said dimensional values of the workpieces (26) measured by said measuring device (3) and ends with 
determination of a present automatic compensating value (Ui); and 

said automatic compensation includes a first and a second state which are selectively established, 
said automatic compensation being effected in said first state to determine said present automatic com- 
pensating value (Ui) on the basis of a plurality of first estimated dimensional values of the workpieces 
which are stored in said memory means in said automatic compensating cycle, each of sa.d first estimated 
dimensional values being obtained by adding a last compensating value (U') to the dimensional value (X) 
of the corresponding workpiece which is measured by said measuring device, on an assumption that said 
corresponding workpiece is processed under the working condition influenced by said last compensat.ng 
value, said automatic compensation being effected in said second state to determine said present auto- 
matic compensating value on the basis of a plurality of second estimated dimensional values of the 
workpieces which are stored in said memory means in said automatic compensating cycle, each of said 
second estimated dimensional values being obtained by adding a sum of said last compensating value 
(U 1 ) and a previous compensating value (Ui-2. Ui-1) immediately preceding said last compensating value, 
to the dimensional value (X) of the corresponding workpiece which is measured by said measuring device. 
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